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Morgan D . Holcomb L . Saad I . Gordon M . Maines M . 

Title 

IMPAIRED SPATIAL NAVIGATION LEARNING IN TRANSGENIC MICE 
OVER-EXPRESSING HEME OXYGENASE-L 

Source 

Brain Research. 808(1):1 10-112, 1998 Oct 12. 
Abstract 

Transgenic mice expressing heme oxygenase-1 (HO-1) using the neuron-specific enolase promoter were impaired 
in learning the Morris water maze compared to nontransgenic littermates. The memory of the HO-1 mice for the location 
of the platform was similarly impaired when tested using a probe trial after 7 training blocks, but performance on visible 
platform trials was similar for both groups of mice. Importantly, both HO-1 and nontransgenic mice had normal 
sensorimotor function, and performed the same on a Y-maze alternation task, highlighting the specificity of memory 
deficit in the spatial navigation task. These results suggest that carbon monoxide, one product of HO-1 activity, interferes 
in the development of spatial navigation memory, and may play a role in normal memory function. (C) 1998 Published by 
Elsevier Science B.V. All rights reserved. [References: 10] 
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Chen JS . Kelz MB . Zen g GO . Sakai N . Steffen C . Shockett PE . Picciotto MR . Duman RS . Nestler EJ . 

Title 

TRANSGENIC ANIMALS V/FFH INDUCIBLE, TARGETED GENE EXPRESSION 
IN BRAIN 

Source 

Molecular Pharmacology. 54(3):495-503, 1998 Sep. 
Abstract 

Several inducible gene expression systems have been developed in vitro in recent years to overcome limitations with 
traditional transgenic mice. One of these, the tetracycline-regulated system, has been used successfully in vivo. 
Nevertheless, concerns remain about the ability of this system to direct high levels of transgene expression in vivo and to 
enable such expression to be turned on and off effectively. We report here the generation, using a modified 
tetracycline-regulated system under the control of the neuron-specific enolase promoter, of several lines of mice that 
direct transgene expression to specific brain regions, including tfie striatum, cerebellum CAl region of the hippocampus, 
or deep layers of cerebral neocortex. Transgene expression in these mice can be turned off completely with low doses of 
doxycycline (a tetracycline derivative) and driven to very high levels in the absence of doxycycline. We demonstrate this 
tissue-specific, inducible expression for three transgenes: those that encode luciferase (a reporter protein) or Delta FosB 
or the cAMP-response element binding protein (CREB) (two transcription factors). The various lines of transgenic mice 
demonstrate an inducible system that generates high levels of transgene expression in specific brain regions and 
represent novel and powerful tools with which to study the functioning of these (or potentially any other) genes in the 
brain. [References: 37] ' 
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Source 

Proceedings of the National Academy of Sciences of the United States of 
America. 95(l0):5789-5794, 1998 May 12. 
Abstract 

The protooncogene bcl-2 inhibits neuronal apoptosis during normal brain development as well as that induced by 
cytotoxic drugs or growth factor deprivation. We have previously demonstrated that neurons of mice deficient in Bcl-2 
are more susceptible to neurotoxins and that the dopamine (DA) level in the striatum after systemic 
l-methyl-4-phenyl-l,2,3,6 tetrahydropyridine (MPTP) administration was significantly lower than in wild-type mice, In 
the present study we have used transgenic mice overexpressing human Bcl-2 under the control of neuron-specific 
enolase promoter (NSE-hbcl-2) to test the effects of the neurotoxins 6-hydroxy-dopamine (6-OHD A) and MPTP on 
neuronal survival in these mice. Primary cultures of neocortical neurons from normal and transgenic mice were 
exposed to these dopaminergic neurotoxins. Addition of 6-OHDA resulted in cell death of essentially all neurons from 
normal mice. In contrast, in cultures generated from heterozygous NSE-hbcl-2 transgenic mice, only 69% of the cells 
died while those generated from homozygous transgenic mice were highly resistant and exhibited only 34% cell death, 
A similar effect was observed with neurons treated with MPP+. Moreover, while the striatal dopamine level after MPTP 
injections was reduced by 32% in the wild type, the concentration remained unchanged in the NSE-hbcl-2 heterozygous 
mice. In contrast levels of glutathione-related enzymes were unchanged. In conclusion, overexpression of Bcl-2 in the 
neurons provided protection, in a dose-dependent manner, against neurotoxins known to selectively damage 
dopaminergic neurons. This study provides ideas for inhibition of neuronal cell death in neurodegenerative diseases and 
for the development of efficient neuroprotective gene therapy. [References: 42] 
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Title 

MULTIPLE NEUROENDOCRINE TUMOURS IN TRANSGENIC MICE INDUCED 
BY C-KIT-SV40 T ANTIGEN FUSION GENES 

Source 

Oncogene. 14(22):266 1-2670, 1997 Jun 5. 
Abstract 

Transgenic mice carrying either a 1.008 or a 4.225 kb of the mouse c-kit 5'-flanking sequences linked to the oncogenic 
large T antigen (TAg) region of the sinian virus 40 (SV40) genome were generated to test if the c-kit promoter could be 
usSl to develop useful mouse models. Both constructs promote tumourigenesis in the pituitary and the thyroid with high 
efficiency. The cell types from which each of these tumours derives were identified. Tumours of the pituitary derive from 
alpha-MSH-expressing cells located in the intermediate lobe. Transformed cells of the diyroid were calcitonin-positive, 
implying that the tumours derive from C cells or their precursors, Chromogranin A and neuron-specific enolase, 
general neuroendocrine cell markers, were expressed in both tumour types. Furthermore a variety of tumours appeared in 
the transgenic mice. Several of them stained positively for chromogranin A and/or neuron-specific enolase, This 
suggests a previously unsuspected tissue-specificity of the c-kit 5' flanking sequences for neuroendocrine cells. The 
Kit-TAg transgenic mouse Lines may represent a valuable model for the study of the development and the biology of 
neuroendocrine tumours. [References: 53] 



Goto,.. Hel p I Logoff 

Citation 5 

Authors 

Twyman RM . Jones EA . 

Title 

SEQUENCES IN THE PROXIMAL 5' FLANKING REGION OF THE RAT / 
NEURON-SPECIFIC ENOLASE 

(NSE) GENE ARE SUFFICIENT FOR CELL TYPE-SPECIFIC REPORTER 
GENE EXPRESSION 

Source 

Journal of Molecular Neuroscience. 8(l):63-73, 1997 Feb. 
Abstract 

We investigated the regulation of the rat neuron -specific enolase gene using a transient transfection approach. Recent 
transgenic mouse studies have shown that a l.8-kb segment of the rat NSE gene 5* flanking region, including the first 
(noncoding) exon but not the first intron, is able to drive expression of a reporter gene in parallel with endogenous NSE. 
These data suggest that cis-acting elements responsible for the spatial and temporal pattern of NSE gene expression are 
located within the proximal 1.8 kb of the 5' flanking sequence. To further investigate this region, we joined tlie 1,8-kb 
regulatory cassette to the cat reporter gene and generated a number of constructs in which the flanking sequence was 
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progressively deleted from the 5' end. These constnicts were tested by transient transfection into neuronal and 
nonneuronal cells, followed by an assay for CAT activity. We found that as little as 255 bp of 5' flanking sequence was 
able to confer cell type-specificity on the reporter gene. Further truncation to 120 bp of 5' sequence resulted in a sharp 
downregulation of reporter activity in PC12 cells but a significant rise in both Neuro-2A neuroblastoma cells and 
nonneuronal Ltk- cells, indicating that cis-acting elements controlling the regulation of NSE in Ltk-, Neuro-2A, and 
PC 12 cells may lie within the 135 bp region covered by this deletion. Hiis region contains an AP-2 site and an element 
similar in sequence and position to a motif identified in the proximal promoter region of the neuron-specific peripherin 
gene. Reduction to 95 bp of 5' sequence resulted in a slight downregulation of CAT activity in all cell lines tested, and 
further truncation to 65 bp of 5' sequence caused a universal reduction to background levels of CAT activity, concomitant 
widi the disruption of the basal NSE promoter. Our results show that the 5' flanking region of the NSE gene is capable of 
conferring cell type-specificity on a heterologous gene in transfected cells and that elements responsible for this are 
located within the proximal 255 bp. [References: 33] 
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Title 

DBL EXPRESSION DRIVEN BY THE NEURON 
SPECIFIC ENOLASE PROMOTER INDUCES TUMOR 
FORMATION IN TRANSGENIC MICE WITH A P53(+/-) GENETIC 
BACKGROUND 

Source 

Biochemical & Biophysical Research Communications. 216(3):762-770, 1995 Nov 
22. 
Abstract 

The dbl oncogene, generated by the truncation of the amino-terminal portion of the proto-oncogene sequence, encodes a 
guanine-nucleotide-releasing factor. The transforming activity of this oncogene has never been demonstrated in vivo or in 
vitro except in the NIH 3T3 mouse fibroblast cell line. The expression of the proto-dbl transcript is confined to tissues and 
tumors of neuroectodermal derivation. Therefore, to study the transforming activity of the dbl oncogene in vivo, we have 
generated transgenic mice that express this oncogene in neuroepithelial tissues. Mice carrying the dbl oncogene did not 
develop a tumor. Successively, to establish whether dbl interacts with the tumor suppressor gene p53 in tumorigenesis, 
we have used a p53 deficient mouse strain. The results reported here indicate that dbl is capable of causing tumor 
formation in vivo when its expression is driven in an appropriate cellular and genetic environment. (C) 1995 Academic 
Press, Inc. [References: 19] 
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Title 

NEURON-SPECIFIC EXPRESSION OF A HAMSTER 

PRION PROTEIN MINIGENE IN TRANSGENIC MICE INDUCES 

SUSCEPTIBILITY TO HAMSTER SCRAPIE AGENT 

Source 

Neuron. 15(5):1 183-1 191, 1995 Nov. 
Abstract 

To study the effect of cell type-restricted hamster PrP expression on susceptibility to the hamster scrapie agent, we 
generated transgenic mice using al kb hamster cDNA clone containing the 0.76 kb HPrP open reading frame under 
control of the neuron-specific enolase promoter. In these mice, expression of HPrP was detected only in brain tissue, 
with highest levels found in neurons of the cerebellum, hippocampus, thalamus, and cerebral cortex. These transgenic 
mice were susceptible to infection by the 263K strain of hamster scrapie with an average incubation period of 93 days, 
compared to 72 days in normal hamsters. In contrast, nontransgenic mice were not susceptible to this agent. These 
results indicate that neuron-specific expression of the I kb HPrP minigene including the HPrP open-reading frame is 
sufficient to mediate susceptibility to hamster scrapie, and that HPrP expression in nonneuronal brain cells is not 
necessary to overcome the TSE species barrier. [References: 61] 
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Alouani S . Ketchum S . Rambosson C . Eistetter HR . 

Title 

TRANSCRIPTIONAL ACTIVITY OF THE 
NEURON-SPECIFIC ENOLASE 

(NSE) PROMOTER IN MURINE EMBRYONIC STEM (ES) CELLS AND PREIMPLANTATION 
EMBRYOS 

Source 

European Journal of Cell Biology. 62(2):324-332, 1993 Dec. 
Abstract 

Mouse embryonic stem (ES) cells were transfected with a plasmid composed of an E. coli lacZ gene fused to 1.8 kb of rat 
neuron-specific enolase (NSE) promoter sequences. While this reporter construct had been shown previously to 
function exclusively in postmitotic neurons and neuro-endocrine cells of transgenic mice, stably transfected ES cell 
clones unexpectedly displayed beta-galactosidase (beta-Gal) activity in the undifferentiated state. This transcriptional 
activity of the heterologous NSE promoter was confirmed by the identification of endogenous NSE mRNA in 
undifferentiated ES cells, mouse morulae and blastocysts. NSE protein, however, could not be found in undifferentiated 
ES cells. Interestingly, in ES cells which were cultured for 7 days under differentiation conditions in vitro, beta-Gal 
activity decreased to basal levels consistent with the parallel down-regulation of endogenous NSE mRNA. In contrast, 
prolonged culture of ES cells under differentiation conditions led to the reappearance of NSE mRNA and beta-Gal activity 
after 17 days. Significant increases in beta-Gal activity were also observed in ES cells which were cultured either on 
dishes coated with attachment factors such as laminin and gelatin or in the presence of nerve growth factor (NGF). These 
results suggest that i) transcriptional control mechanisms regulating neuronal gene expression are present at early 
developmental stages in the mouse and ii) ES cells provide a useful in vitro model system for the analysis of 
developmental! y regulated cellular and molecular events coupled to neuron-specific enolase promoter activity. 
[References: 42] 
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HERPES VIRUS-MEDIATED GENE DELIVERY INTO THE RAT BRAIN - 
SPECIFICITY AND EFHCIENCY OF THE 
NEURON-SPECIFIC ENOLASE 
PROMOTER 

Source 

Cellular & Molecular Neurobiology. 13(5):503-515, 1993 Oct. 
Abstract 

1. Herpesvirus infection with genetically engineered vectors is a way to deliver foreign gene products to various cell 
populations in culture and in vivo. Selective neuronal gene expression can be achieved using the neuron-specific 
enolase (NSE) promoter regulating expression of a transgene placed in and delivered by a herpesvirus vector. 2. We 
sought to determine the anatomical specificity and efficiency of herpes virus-mediated gene transfer into the rat brain 
following placement of virus particles carrying a transgene (lacZ) under control of the NSE promoter. The virus utilized 
was thymidine kinase (TK) deficient and therefore replication deficient in the brain. 3. Infusion of 10(6) plaque-forming 
units of virus into the striatum caused a limited number of striatal neurons to express the lacZ transgene mELNA and 
protein product 7 days postinfection. In addition, small numbers of neurons expressing the transgene mRNA and protein 
were found ipsilateral to the viral injection in the frontal cortex, substantia nigra pars compacta, and thalamus. Neurons at 
these anatomic loci project directly to the striatal injection site. No other cells within the brains of injected animals 
expressed the lacZ gene. 4. While this herpesvirus NSE vector was capable of introducing novel functional genetic 
information into postmitotic neurons within defined neuroanatomic constraints, the numbers of neurons expressing 
detectable levels of beta-galactosidase was minimal. The calculated efficiency of delivery and transgene expression at 7 
days postinfection was 1 transgenic neuron per 10(4) virus particles infused. 5. We conclude that NSE probably is not 
an optimal promoter for use in gene delivery to CNS neurons in herpesvirus vectors and that the efficacy of gene delivery 
using other neuron-specific promoters placed at various sites in the herpes viral genome needs to be explored. 
[References: 47] 
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Obesity, diabetes, and neoplasia in yellow I- mice: ectopic 
expression of the agouti gene 

TERENCE T. YEN%' ANNE M. GILL*, LUCIANO G. FRIGERI.^ GREGORY S. BARSH,^ AND 
GEORGE L, WOLFF**^ 

•Lilly Research Laboratories, Eli Lilly & Co., Lilly Corporate Center, Indianapolis, Indiana 46285, USA; 
^Department of Molecular and Experimental Medicine, Scripps Research Institute, La JoUa, California 92037, USA- 
^Departraent of Pediatrics and Howard Hughes Medical Institute, Stanford University School of Medicine, Stanford. 
California 94305-5428, USA; ^Division of Nutridonal Toxicology, National Center for Toxicological Research, Food and 
Drug Administration, U.S. Department of Health and Human Services, Jcflferson, Arkansas 72079-9590, USA; and 
Departments of Biochemistry/Molecular Biology and Pharmacology/Toxicology, University of Arkansas for Medical 
Sciences, Little Rock, Arkansas 72205, USA 



ABSTRACT The vfab/c yellow A"^ mutation results in 
a mottled yellow mouse that is obese, slightly larger than 
its nonyellow sibs, and more susceptible to tumor forma- 
tion in those tissues sensitized by the strain genome. The 
mutation exhibits variable expressivity resulting in a 
coatinuum of coat color pheno types, from clear yellow to 
pseudoagouti. The mouse agouti protein is a paracrine 
signaling molecule that induces hair follicle melanocytes 
to switch from the synthesis of black pigment to yellow 
pigment. Molecular cloning studies indicate that the 
obesity and growth effects of the A""^ mutation result 
from ectopic expression of the normal agouti gene 
product. This review seeks to summarize the current state 
of knowledge regarding the obesity, stimulation of so- 
matic growth, and enhancement of tumor formation 
caused by the A^^ mutation, and to interpret these 
pleiotropic effects in terms of the normal function of the 

agouti protein. Yen, T. T, Gill, A, M., Frigeri, L, G., 

Barsh, G. S,, and Wolff, G, L. Obesity, diabetes, and ne- 
oplasia in yellow A"^/- mice: ectopic expression of the 
agouti gene. FASEB J. 8: 479-488; 1994. 

Key Words: obmty * diabetes " neoplasia * yellow mouse • agouti 
locus 



associated with increased susceptibility to diabetes (2) and to 
endogenously and cxogcnously induced hyperplasia, 
preneoplastic lesions, and neoplasms (3). 

Most data reviewed here have been obtained with yellow 
VY/Wf-i4''Va mice, in which case black a/a littermates served 
as non-i4'^ controls. Alternatively, Fj hybrids from matings 
of VYfWi'A'^/a mice with mice of another inbred strain, 
e.g., BALB/c-i4/4, produce A"^/A and agouti {A/a) mice, the 
latter serving as the non-i4^^ controls. 

The VY/Wf strain was developed at The Institute for 
Cancer Research, Philadelphia, from A^'^/a males and fe- 
males of the first and third generations of backcrossing of 
C3H/HeJ- i4"y onto C57BL/6J and were obtained from The 
Jackson Laboratory, Bar Harbor, Maine, in 1962; thus, the 
strain includes 6,25%-25% C3H/HeJ genome and 
75%-93.75% C57BL/6J genome. Breeding stock of the 
VY/Wf strain was provided to one of us (TT.Y.) at Eli Lilly 
& Co., Inc. in 1970, rederived by cesarean section in 1985, 
and maintained as strain VY/WfL. Strain VY/Wf was 
brought to the National Center for Toxicological Research 
by G.L.W. in 1972. Litters were derived by cesarean section 
and fostered on CSH-MTV" dams in the NCTR breeding 
colony in 1977. The resulting VY/WffC3 Hf/Nctr- A"^ strain 
is maintained in a SPF barrier-sustained environment. 



HISTORY OF THE MUTATION AT THE AGOUTI 
LOCUS IN THE MOUSE 

The viable yellow {A"^) mutation arose spontaneously in 1960 
from the agouti {A) jdlele at the agouti locus in the C3H/HeJ 
strain (1). The agouti locus is located between loci Hck-J 
(hematopoietic cell kinasc-1) and Src-I (Rous sarcoma virus 
proto-oncogene) in a section of mouse chromosome 2 that 
contains many mouse genes that have homologs (conserved 
synteny) on human chromosome 20q. 

This locus determines the relative amounts of black (eu- 
melanin) and yellow (phaeomelanin) pigment in the hairs. 
The species-type hair color pattern, "agouti," is common 
among mammals and is characterized by a subapical yellow 
band in black or brown hair; in mice heterozygous or 
homozygous for A"^ (hereafter ^4"^/-), there is usually an ex- 
cess of yellow pigment (see below). A"^ is one of four 
dominant agouti mutations associated with pleiotropic 
effects, the most prominent of which are obesity and in- 
creased somatic growth. In addition, A"^ and at least one 
other obesity- associated agouti allele, lethal yellow {A^), are 



THE AGOUTI GENE AND ITS ACTION 

The agouti gene has recently been cloned (4, 5). It is normally 
expressed in the skin, the testes, and during embryonic de- 
velopment. The encoded protein is 131 amino acids in length 
and consists of a signal sequence, a central region that is 
highly basic, and a cysteine-rich carboxyl terminus. Multiple 
isoforms differ by the nature of their prorpoters and as- 
sociated 5' untranslated exons and range in size from 697 
nucleotides (nt)^ to 792 nt, not including the polyA tail (Fig. 
IX, Fig. 1^ (6). 



* Present address: Depaamcnt of Biochemistry and Molecular 
Biology, Indiana University School of Medicine, Indianapolis, IN 
46202-5122, USA. 

lb whom correspondence should be addressed, at: National 
Center for Toxicological Research. 3900 NCTR Rd.. Jcff^crson, AR 
72079, USA. 

^Abbrcviadons: a-MSH, a -melanocyte stimulating hormone; 
lAP. intracistcmal A particle; HF. high fat; HS, high sucrose; GTT, 
glucose tolerance test; MNNG. N-mcthyl-N'-nitro-N-nitrosoguanidinc; 
nt, nucleotides. 
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Figure 1. AgouU gene structure and action. A) Exon and intron 
structure reveal that the protein coding sequence is contained wi- 
thin cxons 2, 3, and 4. Multiple isoforms oi agouti mRNA differ in 
their 5' untranslated region and result from the use of different 
promoters and/or alternative splicing (6), A ventral-specific 
promoter results in isoforms that contain exon lA or cxons lA and 
lA*, whereas a hair cycle-specific promoter results in isoforms that 
contain exon IB or IC. B) The amino acid sequence of the agouti 
protein contains a signal sequence, an amino-terminal basic do- 
main with a high prof>ortion of arginine and lysine residues, and a 
cysteine- rich carboxyl terminus. C) Possible mechanisms for agouti 
gene action, based on a secreted protein with a limited radius of ac- 
tion. Because the actions of a-MSH oppose and override those of 
agouti resulting in the synthesis of black pigment, the agouti protein 
may act by reducing the amount of active a-MSH available to the 
melanocyte; by interfering with activation of the melanocortin 
receptor, or by binding to its own receptor leading to an intracellu- 
lar block to melanocortin receptor activation. 



The agouti protein induces melanocytes within hair folli- 
cles to switch from synthesis of eumelanin (black pigment) 
granules to synthesis of phaeomclanin (yellow) granules, 
which become incorporated into a growing hair. A scries of 
elegant transplantation studies (7; reviewed in ref 8) indi- 
cated that the gene product is produced by nonpigment cells 
and acts in a paracrine fashion, as it does not affect melano- 
cytes in adjacent follicles or melanocytes in the interfoHicular 
epidermis. These observations are consistent with recent 
studies which demonstrate that agouti expression within the 
hair follicle occurs only during the time of yellow pigment 
synthesis (4, 5), Although agouti RNA is also expressed in the 
testes and during embryonic development (6), there is no 
known function for the gene in these tissues; even null muta- 
tions in agouti have detectable effects only on coat color (4, 9). 



The mechanism by which the agouti protein alters the 
function of melanocytes is not yet clear, although there are 
two different hypotheses (Fig. IC) based on the opposing in- 
teractions between agouti and the 13 amino acid peptide a- 
melanocyte stimulating hormone (a-MSH). a-MSH causes 
melanocytes to switch from the synthesis of phaeomclanin to 
eumelanin (10), an effect that is mediated through a Gj- 
coupled seven transmembrane domain receptor that has re- 
cently been cloned (11). The a-MSH receptor on melano- 
cytes is encoded by the extension (E) locus (12), and appears 
to be one member of a family of melanocortin receptors that 
also includes the ACTH receptor and at least two additional 
receptors expressed in the central nervous system (12-14). As 
expected, introduction of the a-MSH receptor into heterolo- 
gous cells results in the stimulation of adenylate cyclase (11, 
12). Exogenous a-MSH or exogenous dibutyryl-cAMP can 
override the effects of local agouti protein production (15), 
whereas loss-of-function mutations in the a-MSH receptor 
(e) result in the production of phaeomclanin regardless of the 
level of agouti expression (13, reviewed in ref 7). Therefore, 
it is possible that the agouti protein acts as an antagonist of 
the receptor to prevent a-MSH-induced stimulation of 
adenylate cyclase (16). Lack of a functional a-MSH receptor 
in e/e mice (13) failed to prevent ^^-induced obesity (17), in- 
dicating that this receptor is not required for agouti - 
associated obesity. Development of obesity in yellow mice is 
also independent of yellow pigment synthesis as demon- 
strated by complete inhibition of the latter by a gain-of- 
function mutation [somber (£^)] at the extension locus; totally 
black AVaVE^IE" mice still become obese (18). 

A second hypothesis proposes that agouti protein binds to 
its own receptor and interferes with the action of a-MSH at 
an intracellular level (19). A putative agouti receptor might 
couple to another G protein that inhibits adenylate cyclase, 
or affects other intracellular messengers such as calcium or 
phospho inositol. Distinguishing between these two hypotheses 
for agouti gene action has important implications for under- 
standing the molecular pathogenesis of i4''y-induced obesity 
and increased tumor susceptibility. 



THE PHENOTYPE 

Obese yellow A^^i- mice can be identified visually as early as 
2-3 days after birth and, in contrast to mice homozygous for 
the recessive obesity mutations ob and db, have somewhat 
heavier muscles and longer bones than their non-^"^ sibs 
(reviewed in ref 20). No phenotypic diflferenccs between 
A'^la and A^IA^ mice have been described. 

Motded A^l' mice exhibit variegation with agouti and 
black patches or continuous and discontinuous transverse 
stripes on a yellow background. The pattern of transverse 
stripes is similar to that observed in animals that are mosaic 
or chimeric for a coat color mutation whose eff'^cts are medi- 
ated via the dermis (21). This suggests that A'^-associated 
expression of agouti is unstable during early embryonic de- 
velopment, but stabilizes and is clonally propagated before 
the allocation of progenitor cells to dermal segments. 

In general, effects of A^ on nonpigment cells vary more 
or less concordantly with the coat color phenotype. Thus, 
yellow mice are obese and hyperinsulinemic, whereas pseu- 
doagouti mice are lean and normoinsulinemic; however, the 
relative proportions of yellow pigment in mice with different 
degrees of motding are not correlated with body weight. Even 
a small yellow area on an otherwise completely "pseu- 
doagouti" mouse is often sufficient to predict that the animal 
likely will become obese and hyperinsulinemic, and thus will 



not fit the definition of pseudoagouti (G. L. WolfT, unpub- 
lished observations). 



MOLECULAR BASIS OF THE MUTATION 

Northern analyses of tissues from adult yellow A^'^la mice, 
using an agouti cDNA as probe, demonstrate expression of an 
RNA indistinguishable in size from the normal agouti RNAs, 
but in every tissue of the body rather than just in the skin 
and testes. This RNA is not detectable by Northern analysis 
in tissues of pseudoagouti A^la mice (Fig, 2). 

One of the most interesting aspects of A"^ is its variable 
expressivity with regard to coat color pattern, which is 
strongly influenced by the strain genome of the mother and 
by her agouti locus phenotype (22). Corresponding to the 
proportions of hair follicle melanocytes in which the agouti 
gene is expressed, A^^l- animals may be completely yellow 
(highest proportion), mottled (intermediate proportion), or 
pseudoagouti (lowest proportion). The phenotype of pseu- 
doagouti animals is similar, but not identical, to the nonmu- 
tant agouti phenotype; rather than a subapical yellow band, 
individual hairs may exhibit a disordered arrangement of 
yellow pigment throughout the entire hair (23). 

Molecular cloning studies indicate that the i4''y-specific 
RNA is chimeric, with a foreign 5' sequence derived from an 
intracistemal A particle (lAP) element (H. Vrieling, D. M. J. 
Duhl, K." A. Miller. G. T. Wolff, and G. S. Barsh, unpub- 
lished results). The 5' sequence is not translated, and is 
spliced to exons 2, 3, and 4 of the normal agotsli gene (H. 
Vrieling ct al., unpublished results). Thus, the /4'^-specific 
RNA encodes a normal agouti protein expressed in nearly ev- 
ery tissue of the body. These findings explain several genetic 
and biologic observations regarding A^^ , 

The variable expressivity of A"^ can be explained most 
easily by epigenetic inactivation of regulatory sequences wi- 
thin the lAP, as germline reversion to A has not been ob- 
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Figure 2. Molecular abnormalities in the A"^ mutation. Northern 
hybridization analysis of agouti expression in different tissues of 
adult yellow and pseudoagouti A^ia mice. Total RNA (30 y.%) was 
isolated from brain (B), spleen (Sp), kidney (K), liver (Li), lung 
(Lu), heart (H), or skin (Sk) of yellow or pseudoagouti A''^ia mice, 
fractionated on a formaldchydc-agarosc gel, and transferred to a 
nylon membrane. The blot was hybridized with a probe that con- 
tained agouti coding sequences, stripped, and then rehybridizcd 
with a probe for the glyccraldehyde 3-phosphatc dehydrogenase 
(Gapd) gene to control for amount of RNA present. Normally, 
agouli RNA is expressed only in the skin and the testes. Although 
there is no RNA detectable in pseudoagouti animals, their pheno- 
type suggests a fine-grained mosaicism o(agouii gene expression (see 
text). 
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served. The variegation observed in mottled ^^V- mice indi 
catcs that gene inactivation occurs stochastically amone 
precursor cells during embryonic development before hair 
follicle clones are laid down; after this time it is clonally in- 
herited. This type of clonal inheritance might be maintained 
cither by DNA methylation or by changes in chromatin con- 
formation. Genetic studies (22) suggest that factors that 
influence A'''^ gene inactivation depend on both strain back- 
ground and parental origin. 

The pseudoagouti phenotype is most easily explained by 
eariy inactivation of lAP regulatory sequences in every cell 
of the embryo, followed by partial reactivation in a small 
proportion of cells. An alternative explanation that the pseu- 
doagouti phenotype represents inactivation in most, but not 
all, cells of the animal seems less likely given that pseu- 
doagouti mice exhibit a fine-grained mosaicism rather than 
a single yellow stripe on an otherwise agouti animal. 



THE OBESE-DIABETIC SYNDROME IN THE 
YELLOW ^^y/- MOUSE 

Obesity and diabetes are serious health hazards, not only by 
themselves, but also especially as risk factors for cardiovascu- 
lar and respiratory diseases (24). In the U.S. 80% of type II 
diabetics are obese and about 20% of obese individuals are 
diabetic (25). Genetic rodent models of obesity and/or dia- 
betes are important tools for elucidating the pathophysiology 
of these conditions and for testing new therapeutic ap- 
proaches (26), The abnormalities in yellow A"^/- mice are 
markedly different from those caused by the recessive mouse 
obesity mutations ob (obese) and db (diabetes) and are 
reviewed in some detail. 

Parabiosis of strain YSAVf (27) yellow A^fa with black a/a 
littermates of the same sex between 4 and 28 weeks of age 
failed to affect the body weight or fat content of either part- 
ner (28). These data indicate that the agouti protein does not 
circulate, at least not in sufficient quantity to induce obesity. 
This is in accord with the autocrine/paracrine mode of ac- 
tion of the agouti protein as suggested by its effects on hair 
follicle melanocytes and on cultured cells. 

In contrast, parabiosis of fat db/db with lean nonmutant 
mice caused the lean partner to lose weight, become 
hypoglycemic, and die within 50 days of the surgery (29). 
When ob/ob mice were parabiosed with db/db panne rs, the 
ob/ob mice became hypoglycemic, lost weight, and died of 
starvation. Parabiosis of ob/ob with lean nonmutant mice 
decreased the food intake and slowed the weight gain of the 
ob/ob partners compared with these parameters in ob/ob:ob/ob 
parabionts (30). These results are interpreted as indicating 
that ob/ob mice are unable to produce enough of a postulated 
circulating satiety factor to regulate their food intake, 
whereas db/db mice produce sufficient satiety factor but can- 
not respond to it because of a defective satiety center. 

In yellow A'^ta or /4Va mice, plasma corticosterone levels 
arc not elevated above those in their nonyellow sibs, and 
adrenalectomy does not prevent development of obesity 
(reviewed in ref 3). In contrast, plasma corticosterone levels 
in ob/ob and db/db mice are elevated compared with their lean 
littermates (reviewed in ref 3). 

Neither thyrotrophin, growth hormone, nor prolactin is 
involved in the development of obesity in cither yellow or 
obese mice as the absence of these hormones in yellow dwarf 
{A'^la dw/dw) mice and obese dwarf {ob/ob dw/dw) mice 
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failed to prevent adiposity (reviewed in ref 3). Indeed, the 
effects of the agouti protein in increasing lean body mass, as 
well as fat deposition, are still expressed in yellow 
hypophysectomized mice, even though to a lesser degree 
than in sham-operated mice (31, 32). 

Hyperphagia 

Yellow A"^/' mice eat 10-36% more than their non-A''^ sibs, 
depending on genetic strain background (33-36). However, 
as in other genetic obesities in rodents, the degree of hyper- 
phagia alone does not account for the fourfold increase of 
carcass triglyceride content of yellow A^/a mice (26%) com- 
pared with a/a controls (6%) (33). The results of the diet res- 
triction experiment (34) discussed in a later section suggest 
that increased efficiency of calorie utilization also plays a role 
in the development of obesity. This was confirmed by meas- 
urements demonstrating a threefold greater efficiency in fe- 
male yellow A^/A than in female agouti A/a (BALB/c x 
VY)F1 hybrid mice (35). 

The effects of A""^ on body weight are apparent in mice 
fed a standard diet (4-6% fat), one with 10% fat (HF), and 
one with a high proportion of sucrose (HS). Howeyer, the 
effects of A""^ on insulin resistance and glucose metabolism 
are more pronounced with the HF and HS diets. 

Both the HF and HS diets were more diabetogenic in fe- 
male A'^/A mice, as measured by an impaired glucose toler- 
ance test (GTT), than die control diet. GTT impairment in 
A^'^/A mice was detected after 3 weeks of feeding; in con- 
trast, the GTT of female A/a control mice was minimally 
affected (35). 

Although hyperphagia in yellow A'^y/- mice is not neces- 
sary or sufficient to account for obesity, an intriguing obser- 
vation, regarding a possible cause of hyperphagia is based on 
the effects of Of-MSH compared with desacetyl-a-MSH. 
Bray et al. (36) found that the pituitary of yellow A^^^/a mice 
had a reduced a-MSH:desacetyl-a-MSH ratio. Because 
desacetylated a-MSH was more potent than a-MSH in 
stimulating food intake (37), reduced acetylation of a-MSH 
may play a role in ^"^-associated hyperphagia. Studies of 
adrenalcctomized yellow mice showed that the effects of 
MSH peptides on food intake, weight gain, and fat storage 
were independent of, but interacted with, the effects of cor- 
ticosterone (38). It will be interesting to determine whether 
desacetyl-a-MSH has an altered affinity for melanocortin 
receptors that may be involved in eating behavior. 

Carcass triglyceride content 

At 6 to 10 weeks of age, yellow A"^/- mice exhibited twice 
the amount of carcass triglycerides per unit body weight 
compared with non-.4^ controls (33). By 5 months of age 
when their weights began to plateau, the carcass triglyceride 
content in yellow A'^/a mice was about 26% of the body 
weight, 4.4-fold the amount compared with black a/a con- 
trols (33). 

These observations are in contrast to C57BU6]-ob/ob and 
C57 BUKs]'db/db mice, which have a greater degree of 
obesity and an eariier onset. At 5 weeks of age, db/db and 
ob/ob mice already exhibited carcass triglyceride contents 3- 
and 4.5-fold those of their corresponding lean controls, and 
plateaued with triglyceride contents of 42% and 52%, 
respectively (33). These observations, in combination with 
morphometric data on adipocytes (39), led to the proposal 
that obesity of yellow A'^/a mice is mostly hypertrophic, 
whereas the obesities of ob/ob and db/db mice are mosdy 
hyperplastic (33). 



Lipogenesis and lipolysis 

One reason for the difference in the development of obesity 
between A^^^/a mice and ob/ob or db/db mice is the rate of 
hepatic lipogenesis (33). Although the lipogenic rate of ^^/a 
mice was twice that of age-matched young black a/a mice and 
sixfold that of age-matched adult black a/a mice, the rates of 
A'^/a mice were much lower at either age than those o( ob/ob 
and db/db mice at corresponding ages (33), This may explain 
why yellow mice were more sensitive than ob/ob and db/db 
mice to antiobesity agents such as LY79771 (40). When 
treated with LY79771, body weights of yellow mice 
decreased, whereas those of ob/ob and db/db mice plateaued 
but were not reduced. 

Regardless of its mechanism, an antiobesity agent per- 
turbs the balance between energy intake and energy output 
until a new balance is established. In ob/ob and db/db mice 
and fatty fa/fa rats, antiobesity compounds arrest the de- 
velopment of obesity, but the very high hepatic lipogenic rate 
maintains the existing obesity and, hence, high body weight. 
In yellow mice, the hepatic lipogenic rate is higher than nor- 
mal. However, in contrast to the rate in ob/ob and db/db mice 
and (any fa/fa rats, it is not high enough to maintain the 
obesity during administration of LY79771, and thus drug 
treatment results in weight loss. 

The sensitivity of yellow mice to antiobesity compounds is 
not restricted to /3-agonists such as LY79771 and LY104119 
(34). Other antiobesity compounds such as fluoxetine (41), a 
serotonin reuptake inhibitor that suppresses appetite, and 
ephedrine (42), which both suppresses appetite and stimu- 
lates thermogenesis. also reduced the body weight of yellow 
mice. 

With regard to lipolysis. studies of isolated adipose tissue 
in vitro indicated that the basal lipolytic rate of adipose tis- 
sue from yellow A'^/a mice was about half that of a/a mice 
(43), possibly due to the difference in the density of adipo- 
cytes as a function of different adipocyte size (39). Therefore, 
the response to lipolytic agents between yellow and black 
mice was normalized according to the respective basal rates- 
Measured by the release of free fatty acid and glycerol, the 
response of A'^/a adipose tissue to epinephrine (43). the- 
ophylline (43), and the /3 agonists LY79771 (44) and 
LY104119 (34) was lower than normal. However, the response of 
A"^/a adipose tissue to dibutyryl cyclic AMP was normal (43). 

These observations suggest that yellow A'^/a mice have a 
defect in the signaling mechanisms responsible for generat- 
ing and/or maintaining intracellular cyclic AMP in adipo- 
cytes. This was confirmed by measuring total cyclic AMP 
concentrations in the adipose tissue and incubadon medium 
in the presence of LY79771 (44) and LYi04119 (34). This sig- 
naling deficiency in adipose tissue provides a striking parallel 
to the effect of agouii in pigment cells. Although the cyclic 
AMP-coupled lipolytic defect is a contributing factor to the 
obesity of yellow A'^/a mice, it may not result from the 
direct action of the mutation as it is also present in obese 
ob/ob and db/db mice (45) and in obese A^/a mice (43). 

Thcrmogencsis 

An important determinant of energy balance and regulation 
of body weight is nonshivering thermogcncsis, which occurs 
in brown adipose tissue under the control of the sympathetic 
nervous system (46). The accumulation of tissue dopamine 
resulting from the inhibition of dopamine )3 -hydroxylase by 
l-cyclohexyl-2-mercaptoimidazole is one method of measur- 
ing sympathetic tone that reflects the relative level of non- 
shivering thermogenesis (47). 



Normally, heart, liver, and interscapular brown adipose 
tissue exhibit a marked diurnal rhythm of dopamine ac- 
cumulation, reaching a peak just before the initiation of the 
light cycle. In A^la mice this rhythm was dampened in the 
liver and brown adipose tissue but not in the heart (48). Con- 
cordantly, whole body thermogenesis of yellow A^fa mice, 
measured with a gradient layer calorimeter, was about 75% 
that of a/a mice (34). As in the case of lipogenesis and lipoly- 
sis, changes in thermogenesis are also present in rodent 
obesity caused by other single gene mutations (46). 

When yellow A^la mice were forced to lose weight by res- 
tricting food intake to 80% of the ad libitum level, whole 
body thermogenesis decreased, presumably as a compensa- 
tory mechanism (34). Subsequently, thermogenesis in- 
creased to its pre weight loss rate, but no further weight loss 
ensued. However, a subsequent 20% diet restriction (64% of 
ad libitum) caused further weight loss, but no change in ther- 
mogenesis, before the weight stabilized for the second time. 
These observations suggest that the change in thermogenesis 
is insufficient to account for the changes in body weight, and 
instead suggest that alterations in fuel efficiency account for 
the observed regulation of body weight. 

It seems likely that fuel efficiency increased after the first 
weight loss experience and thus the same level of thermogen- 
esis was maintained in spite of lower energy intake. Regula- 
tion, leading to increased fuel efficiency, could occur by a 
variety of different mechanisms atnd may be integrated by 
the hypothalamus (49). The fact that yellow mice are able to 
stabilize their weights at different levels of energy intake in- 
dicates that their hypothalamic control of energy homeosta- 
sis is intact but the set point for the equilibrium is high. 

The reduced thermogenesis could be corrected by /3- 
agonists such as LY79771 (50) and LY104119 (34). This, 
together with the ability of these compounds to stimulate 
lipolysis in these mice (34, 44, 50), resulted in weight loss. 

Hypcrinsulinemia and pancreatic islet hyperplasia and 
hypertrophy 

Unlike db/db mice that arc hypcrinsulinemic at 10 days of age 
(51) and ob/ob mice in which hyperinsulinemia is detectable 
by 4 weeks of age (52), A^IA (BALB/c x VY)Ft mice did 
not become hypcrinsulinemic until about 6 weeks of age (53) 
and exhibited a sexual dimorphism in this characteristic as 
well as in the degree of hyperglycemia. By 2 months of age, 
plasma insulin concentrations in female yellow A'^^la mice 
were 4- fold those of controls, whereas those in comparable 
male mice were 10-fold those oi a/a control mice (2). By the 
time the obesity of A^fa mice peaked at 6 months of age, 
both male and female mice had plasma insulin levels more 
than 20- fold those of male and female black a/a mice, with 
female A'^la mice usually having the highest concentrations 
(2. 54). 

Plasma insulin data from strain VYfWfL yellow A^/a and 
black a/a mice younger than 5 weeks of age are not available. 
However, longitudinal studies of pancreatic insulin and 
glucagon contents and pancreatic islet morphometries have 
been performed in two separate experiments. In one study, 
pancreatic islets of strain VYAVfL male and female A^/a 
and a/a mice were measured and counted at 21 days and at 
3, 6, and 12 months of age (T. T. Yen and G. Williams, un- 
published data). No hyperplasia or hypertrophy of islets was 
observed in either male or female yellow mice at 21 days, but 
both were present at 3 months. In another study, the number 
of /3 ceUs was higher in male A'^/A (BALB/c x VY)F1 
hybrid mice than in male A/a mice at 21 days of age; however, 
neither the insulin or glucagon contents per unit weight of 
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pancreas nor the mean total islet areas differed between 
A^'^/A and A/a mice (55). These data suggest that morpho- 
logical changes precede biochemical changes in pancreatic islets 
A gender difference existed in islet size. At 6 months of 
age, the mean islet size of female a/a mice was 10-fold that 
of comparable male mice (2). Regardless of the gender differ- 
ence, 6-month-old male and female A^^/a mice had islet 
sizes approximately twice as large as the corresponding a/a 
mice (T. T. Yen and G. Williams, unpublished data). 
Although quantitative mouse to mouse correlations are not 
available, it appears that female A'^/a mice are more 
hypcrinsulinemic and have a higher degree of islet hyperpla- 
sia and hypertrophy than male A'^/a mice. 



Hypcrinsulinemia and lipogenesis 

To define the temporal interactions among obesity, hyperin- 
sulinemia, and the activities of six hepatic lipogenic enzymes 
(glucose-6-phosphate dehydrogenase, 6-phosphogluconate 
dehydrogenase, malic enzyme, citrate cleavage enzyme, 
acetyl CoA carboxylase, fatty acid synthetase), a develop- 
mental study was conducted in A'^/a and a/a mice at 2, 3, 5, 
and 8 months of age (56). Yellow A^/- mice are especially 
suitable for dissecting the temporal relationships among these 
parameters because their obesity develops relatively slowly. 

In yellow mice, the specific activity of malic enzyme cor- 
related positively with body weight, liver weight, plasma in- 
sulin level, and age. The specific activities of citrate cleavage 
enzyme and 6-phosphogluconate dehydrogenase correlated 
positively with age, body weight, and liver weight. However, 
when adjusted for insulin level, correlations between other 
parameters disappeared, indicating that elevated plasma in- 
sulin level wa^ a common factor that correlated with the in- 
crease of body and liver weight and with specific activities of 
malic enzyme and citrate cleavage enzyme. Correlation does 
not prove that hyperinsulinism is the cause of obesity in yel- 
low A"^/- mice, but does suggest that it plays a central role 
in its development. 

Hyperglycemia 

Although obesity poses an increased risk for diabetes, not all 
obese people develop diabetes and not all diabetics are obese 
(25). This suggests that development of obesity and diabetes 
can be influenced by independent factors (57). Many obese 
human subjects exhibit only impaired glucose tolerance (58) 
and do not progress to a diabetic state (59) because both in- 
sulin resistance and P cell defects sire required to precipitate 
type II diabetes (60). This is also true for the genetic rodent 
obesities (61), including (2). Yellow A^/- mice exhibit 
hyperinsulinism and insulin resistance, but the development 
of overt hyperglycemia depends on physiological factors that 
differ with strain background, gender, and diet 

A case in point is that male and female yellow A'^/a mice 
with identical strain background arc obese, hyperinsuli- 
nemic, insulin resistant, and glucose intolerant; however, 
only the males are hyperglycemic. Most female yellow mice 
are normoglycemic or, if their blood glucose levels are 
elevated, the elevation is slight. Administration of dex- 
amethasonc induces hyperglycemia in female yellow mice 
(62), reminiscent of the diabetogenic effects of glucocorti- 
coids in humans (63). It can be reversed by dglitazone, a 
compound that improves insulin sensitivity (62). The induc- 
tion of hyperglycemia in female A'^/a mice is concomitant 
with the induction of hepatic estrone sulfotransfcrase (64), 
an enzyme that inactivates estrogens, supporting the 
hypothesis that estrogens confer protection against the de- 
velopment of diabetes (61). 
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Figure 3. Response of 3-month-old yellow A'^/a, pscudoagouti A^'^/a, 
and black a/a female (YSAVffC3Hf/Nctr-a/a x VY/WflfC3Hf/Nctr- 
^'''')F, hybrid mice to an injected glucose load of 1 mg/g body 
weight. Assay method described in ref 54. A) Plasma glucose con- 
centrations. B) Plasma insulin concentrations. 



\ 



\ 



600- 



400- 



200 



B 



\ 



\ 



\ 



Yellow A^y/q 
(N=10) 




Black o/a 
(N=6) ^ 



Pseudoagouti A^Y/a 
(N=6) 



— , 1 J— 

30 60 90 

Time (Minutes) 



120 



Insulin resistance 

The insulin resistance of yellow A""^/- mice has been quanti- 
tated directly in vivo and in vitro. The former was measured 
by the ability of exogenous insulin to lower fasting blood glu- 
cose or to improve glucose tolerance (2). The latter was de- 
termined in isolated adipose tissue by the ability of insulin 
to stimulate glucose metabolism (2) or to suppress hormone- 
stimulated lipolysis (65). In general, both types of measure- 
ments show increased insulin resistance in 6- to 7 -month-old 
yellow A^/' mice compared with a/a mice (2). The degree of 
resistance is relatively greater in males compared with fe- 
males, and parallels the sexual dimorphism in hyperglyce- 
mia. Maximal responses to insulin could not be elicited in 
either in vivo or in vitro systems, suggesting that insulin 
resistance in these mice is due to postreceptor defects (2, 53). 
Direct assays of insulin resistance in vivo in yellow mice 
younger than 6-7 months have not yet been performed; 
however, glucose metabolism in adipose tissue showed some 
insulin resistance in 2 -mo nth -old male yellow A^/a mice; 
this coincided with the earliest age at which hyperinsuline- 
mia was observed (2), To discern the cause and effect rela- 
tionship between hyperinsulinemia and insulin resistance 
will require analyses in even younger mice. 

Compounds that improve insulin sensitivity without 
decreasing body weight, such as ciglitazone (54) and 
Tanabc-174 (66), were able to normalize blood glucose and 
plasma insulin without causing weight loss. This suggests 



that hyperinsulinism and insulin resistance are not required 
to maintain obesity in yellow A'^/a mice. Although insulin is 
lipogenic, antilipolytic, and thermogenic, hyperinsulinism 
and insulin resistance may play only a permissive, rather 
than a primary, role in the maintenance of obesity. On the 
other hand, insulin resistance does play a pivotal role in the 
expression of hyperglycemia. 

PLEIOTROPY AND THE LEAN PSEUDOAGOUTI 
A'^/a PHENOTYPE 

As noted earlier, agouti mRNA could not be detected by 
Northern analysis in tissues of pseudoagouti A^ /a mice. 
These mice are similar in body weight to control black a/a 
mice. They also have normal glucose and insulin levels, and 
respond normally to a glucose load (Fig. 3A, Fig. 3B). Their 
rates of glucose oxidation and conversion of glucose to lipid 
are higher than those in the obese yellow A'^/a mice and 
resemble those of the a/a mice (67). However, these mice do 
not represent a complete reversion to the nonmutant pheno- 
type, as indicated by detailed analysis of their hair color pat- 
tern (23) and by their response to the tumor promoter lin- 
dane (see next section). 

Comparison of the responses of the pseudoagouti with the 
yellow A'^/a and black a/a mice makes it possible to dis- 
criminate between those physiologic, pathologic, and meta- 
bolic responses to particular agents aissociated with obesity 



and those that are modulated by a presumed very low or 
mosaic expression of the agouti gene (68). For example, lung 
and liver tumor formation occurred in the lindanc-treated 
pseudoagouti as well as in the yellow A^/a mice, but not in 
the black a/a littermates. In contrast, A'^/a mice differ in 
some components of immunocompetence from pseudoagouti 
A^'^/a and black a/a mice, but the pseudoagouti and black 
mice do not differ from each other (69). Likewise, in the lin- 
dane study (70, see below) the yellow A'^/a females ex- 
perienced 50% mortality between 17 and 24 months of age, 
regardless of treatment group, whereas the pseudoagouti and 
black females experienced only half as great mortality, i.e., 
24% and 23%. 

GROWTH REGULATION, HYPERPLASIA. AND 
NEOPLASIA 
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strains (73). In another study, primary fibroblasts from 
A^'^/a mice exhibited lower levels of spontaneous and N- 
methyl-N'-nitro-N-nitrosoguanidine (MNNG)-induced trans- 
formation compared with control fibroblasts from a/a mice 
(74). The apparent difference between the results of the two 
studies may reflect the different experimental protocols 
and/or the use of primary fibroblasts vs. established cell lines. 

In summary, expression of A''^ results in increased tumor 
susceptibility by itself and in combination with classical 
tumor promoters, both in genetically susceptible as well as 
in genetically resistant strain backgrounds. It is significant 
that, even though agouti expression could not be detected by 
Northern anadysis in pseudoagouti mice, there is nonetheless 
a slight increase in tumor formation in this phenotype. 



Enhancement of somatic growth by the and A^ genes 
and their influence on development of hyperplasia, 
preneoplastic lesions, and neoplasms were reviewed previ- 
ously (20), as was utilization of these characteristics in car- 
cinogenicity/toxicity bioassays (71). In general, the effects of 
on tumor development arc rather subtle compared with 
other oncogenes. Endogenously ("spontaneous") or ex- 
ogcnously induced tumors or hyperplastic precursor lesions 
may develop in a wide variety of epithelial and mesenchymal 
tissues in yellow A"^/- and /4V- animals, depending on the 
strain background and treatment with specific carcinogens 
(W. E. Heston and co-workers, reviewed in ref 3 and 20). 

Specific effects of ^4"^^ on tumor incidence in mice with ge- 
nomes susceptible or resistant to Hver tumor formation are 
illustrated by the results of two studies. In one study yellow 
A'^/A and agouti A/a male mice with a susceptible (03 H x 
VY)F1 genome were fed a phenobarbital -supplemented diet 
for 1 year (72). No difference in the incidence (18%) of single 
hepatocellular adenomas was observed between the geno- 
types. However, multiple adenomas appeared in 36% of the 
yellow mice, but in only 5% of the agouti sibs. 

In the second study yellow A'^/a, pseudoagouti A'^^/a, and 
black a/a female mice with the (YS x VY)F1 genome, which 
is relatively resistant to liver tumor development, were fed a 
diet supplemented with lindane (7-hexachlorocyclohexane) 
for 24 months (70). The black a/a females were completely 
resistant to the compound, no formation of hepatocellular 
tumors or lung tumors above the background incidence 
( < 5%) being observed. In contrast, hepatocellular adenoma 
incidence in treated yellow mice was increased 27% above 
background and 6% above background in treated pseu- 
doagouti females.- Lung tumor incidence was increased 15% 
above background in the yellow mice and 7% in the pseu- 
doagouti mice. 

Increased somatic growth in yellow mice indicates an 
effect of the agouti protein on an unknown process (or 
processes) of growth regulation in the animal. The cumula- 
tive data from chronic bioassays of the response of A'^/a 
mice to various toxicants suggest that the presence of agouti 
protein in susceptible tissues also affects growth regulation at 
the cellular level and appears to potentiate/facilitate 
processes involved in cell transformation to hyj>erplasia and 
neoplasia. In addition, the anabolic tissue environrrtents in 
yellow mice stimulate tumor growth. 

The effects of A"^ on cell transformation in vitro have 
been examined in two different studies with apparently op- 
posite results. In one study, established cell lines from A^/a 
fibroblasts exhibited elevated levels of spontaneous focus for- 
mation compared with cell lines from a/a mice of the same 



POSSIBLE MECHANISMS FOR v4^-INDUCED 
OBESITY AND FUTURE DIRECTIONS 

The i4 ''^-specific RNA codes for a normal agouti protein. 
Similarly, three other obesity-associated agouti mutations also 
result from the ubiquitous expression of chimeric RNAs, 
which each encode a normal agouti protein (H. Vrieling et al., 
unpublished results). These observations suggest that A"^- 
induced obesity results from ectopic activation of a signaling 
pathway that is used normally by hair follicle melanocytes, 
and leads to two alternative hypotheses (16, 19) based on pos- 
sible mechanisms for agouti signaling in hair follicles (Fig. 4A), 
If the agouli protein normadly antagonizes the action of a- 
MSH at its melanocyte receptor (melanocortin-1 receptor) 
(Fig. 45), then ectopic agouti expression is likely to an- 
tagonize the effects of a-MSH and related compounds at 
other melanocortin receptors, of which three have been 
cloned. None of the four cloned melanocortin receptors is ex- 
pressed in the liver, in the pancreas, or in adipocytes. There- 
fore, if fl^ou/z-induccd obesity is caused by melanocortin an- 
tagonism, i4'^-associated defects in lipolysis, lipogenesis, 
insulin sensitivity, and insulin overproduction are all likely to 
be consequences, rather than causes, of ^"^-induced obesity. 
Under this scenario, likely targets for agouti in nonpigment 
cells are expression of the melanocortin-3 and 4 receptors in 
the hypothalamus, which might lead to alterations in ther- 
mogencsis, eating behavior, and/or release of cortico trophic 
releasing factor. As described above, alterations in each of 
these components characterize all the rodent genetic obesi- 
ties including A"^. However, in no case docs the magnitude 
of a particular alteration appear to be sufficient to account 
for the degree of obesity observed (reviewed in ref 26). 

A second hypothesis proposes that agouti binds to its own 
receptor in melanocytes, and that the same or a similar 
receptor is present on nonpigment cells in most tissues, in- 
cluding brain, and can account for the plethora of physio- 
logic derangements observed in yellow A"^/- fnicc (Fig. 4C). 
This hypothesis is attractive given the parallels between 
adenylate cyclase metabolism in adipocytes and melanocytes 
of A'^/a animals. It could also explain why morphologic al- 
terations in pancreatic islets apparcndy precede biochemical 
and physiologic derangements (55), assuming that agouti 
receptors are present on islet cells or their precursors. 

Two avenues of research are likely to be helpful in distm- 
guishing between these alternatives. The construction of 
transgenic animals in which agouti is placed under the control 
of tissue-specific promoters should indicate whether obesity 
can be induced by expression o[ agouti in potential target or- 
gans such as adipocytes or the pancreas. Development of an 
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Figure 4. Possible mechanisms of <i^ou/i- induced obesity. A) Ectopic 
expression of the agouti protein in ncariy every tissue explains 
similarities in the pleiotropic effects oiA^ and . Agsuli is also ex- 
pressed cctopically in the dominant agouti mutants sienna yellow 
{A'^ and inUrmediaie yellow {A'^^) (24), X'^ and A'^f produce obesity 
but have not been characterized with regard to tumor susceptibility, 
immune abnormalities, or glucose metabolism. B) l( agouti acts by 
antagonizing the cfifects of melanocortins. the MR3 and MR4 
receptors in the hypothalamus and other portions of the brain are 
likely target sites to explain ^"^-associated obesity. In this case, al- 
terations in nutrient intake and a reduction in sympathetic tone 
may be primary events (indicated in boldface). Adrenergic agonisu 
generally produce decreased insulin production and lipogenesis (in- 
dicated by the dotted lines) and increased lipolysis (indicated by 
solid line); therefore, changes in energy balance, hyperinsulinism, 
and insulin resistance that occur in a^ou/x-induced obesity would be 
secondary to a reduction in adrenergic tone. None of the four 
melanoconin receptors is expressed at significant levels in adipo- 
cytes, although low levels of the MR3 receptor can be detected in 
rat pancreas. C) If agouti acts by binding to an as yet unidentified 
receptor (AgR) expressed in islet cells and/or adipocytes, a direct 
and primary effect on insulin production and adipocyte metabolism 
would parallel the effects of agouti on G protein-coupled signal 
transduction in pigment cells. In this case, hyperphagia and altered 
the rmo genes is would be a secondary response. A putative agouti 
receptor might also be expressed in the central nervous system. 



in vitro assay for a soluble agoud protein should allow testing 
for antagonism to melanocortin receptor activation and/or to 
identify an agouti receptor using cell biologic approaches. 



CONCLUSION 

After almost 50 years of attempts to understand the physio- 
logic/metabolic bases of the "yellow mouse syndrome," clon- 
ing and sequencing of the agouti gene and definition of the 
regulation of its expression have made conceptual and ex- 
perimental integration of the molecular and physiologic 
aspects of the function of the agouti locus a practical possibil- 
ity. Such studies should lead to a better understanding of the 
cellular metabolic dys regulations that give rise to obesity, di- 
abetes, and neoplasia. 

This review is dedicated to the memory of Margaret M, Dickie 
who first described the A"^ mutation and provided the breeding 
stock from which Strain VY was developed. We thank K, B. Delclos 
and D. L. Greenman for constructive critiques of the manuscript. 
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Antagonism of Central Melanocortin Receptors 
in Vitro and in Vivo by Agouti-Related Protein 

Michael M. Ollmann.* Brent D. Wilson,* Ying-Kui Yang, 
Julie A, Kerns, Yanru Chen. Ira Gantz, Gregory S. Barshf 

Expression of Agouti protein is nomially limited to the skin where it affects pigmentation, 
but. ubiquitous expression causes obesity. An expressed sequence tag was identified 
that encodes Agouti-related protein, whose RNA is nomially expressed in the hypo- 
thalamus and whose levels were increased eightfold in obfob mice. Recombinant Agouti- 
related protein was a potent, selective antagonist of Mc3r and Mc4r, melanocortin 
receptor subtypes implicated in weight regulation. Ubiquitous expression of human 
AGRP complementary DMA in transgenic mice caused obesity without altering pigmen- 
tation. Thus, Agouti-related protein is a neuropeptide implicated in the normal control of 
body weight downstream of leptin signaling. 



Analysis of mouse obesity mutations has 
helped define regulatory circuits that gov- 
ern energy expenditure (1), In mice carry- 
ing certain alleles of the Agouti coat color 
gene such as kt/wl >etIow (A^) or viable 
-jcllow (A*^). pleiotropic effects including a 
yellow coat, obesity, and increased body 
length are caused by ubiquitous expression 
of chimeric transcripts encoding a normal 
Agouti protein (2-4). Agouti is a paracrine 
signaling molecule (5) that affects pigmen- 
tation by antagonism of the melanocortin I 
receptor (Mclr) (6, 7), one of five related 
heterotrimeric GTP-binding protein-cou- 
pled receptors named for their ability to 
respond to a-melanocyte stimulating hor- 
mone (a-MSH) and adrenocorticotrophic 
hormone (ACTH) (8). Expression and ac- 
tion of Agouti is normally limited to the 
skin (3, 5), but recombinant Agouti protein 
will also antagonize Mc2r and Mc4r (6,9), 
expressed primarily in the adrenal gland 
and the central nervous system (CNS), re- 
spectively (8, 10), 

Using a characteristic pattern of cysteine 
spacing from the CXX)H-terminal region of 
Agouti to search an expressed sequence tag 
database, we isolated a gene from 129/sv 
mice and from humar^s that encodes a pro- 
tein nearly identical in size and genomic 
structure to Agoud that we named A^pud- 
related ptotmi {Agyp) (Fig. lA). The same 
gene was recently described by Shutter tt d, 
as Agpm-relaxed tx(mscnpt {{[), Reverse tran- 
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scriptase-polymerase chain reaction (RT- 
PCR) and Northern (RNA) hybridization 
experiments demonstrated that Agrp RNA 
was expressed primarily in the adrenal gland 
and the hypothalamus (Fig. 1, B and C). To 
investigate functional overlap between Agrp 



■ Form A 



and Agouri we examined whedier the 
steady-state level of Agrp RNA would be 
altered by ectopic expression of Agouri in 
AVa animak. Northern hybridization analy- 
sis of hypothalamic and adrenal gland RNA 
from AVa or coisogenic a/a animals revealed 
an -fivefold reduction of Agrp RNA in the 
hypothalamus of AVa animals (Fig. IC). We 
also measured the levels of hypothalamic 
AgTp RNA in oblob animals and found an 
'^-eightfold increase relative to coisogenic 
controls. In the adrenal gland, levels of Agrp 
RNA in AVa and nonmutant animals were 
below the level of detection, but could easily 
be detected in oblob animals. 

To determine whether AGRP antago- 
nizes melanocortin signaling, we used the 
baculovirus expression system to produce 
conditioned media containing recombi- 
nant human AGRP. and measured antag- 
onist activity using a Xenopxis melano- 
phore cell line developed by Lemer and 
colleagues (12). Melanophores provide a 
rapid and sensitive bioassay for melano- 
cortin agonists and antagonists because 
pigment granule dispersion induced by a- 
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Fig. 1, Structure and expression oiAgrp, (A) Comparison of mouse and human AGRP sequences 
with that of mouse Agouti, Arrowheads indicate signal sequence cleavage sites; arrows indicate 
different forms of recomt>inant AGRP, Abbreviations for the amino acid residues are as follows: A, 
Ala; C, Cys; D. Asp; E. Glu; F. Phe; G. Gly; H. His; I. lie; K. Lys; U Leu; M. Met; N, Asn; P. Pro; Q, Gin; 
R. Arg; S, Ser; T. Thr; V. Val; W, Trp; and Y, Tyr, Cysteine residues are in bold. (B) RT-PCR assay for 
mouse Agrp RNA (23). (C) Northern hybridization assay for mouse Agrp RNA in brain tissues (9 jig, 
left) or in hypothalamus and adrenal glands of AVa and ob/ob mice (5 ^.g. right); each lane represents 
RNA from a single animal. Relative ratios of Agrp RNA determined with a Phosphorlmager were 
based on signal from an exon 4 cONA probe compared with Actb and Gapd control probes 
hybridized to the same blot. 
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Fig. 2. AGRP activity \r\Xenopus metanophores. (A) One micro- 
gram of protein from serial steps in the purification procedure 
analyzed by silver-stained 4 to 20% SDS-po(yacryiamide ge! 
electrophoresis. Two liters of conditioned media (lane 1) was 
applied to a Blue Sepharose Fast Row Column, then eluted with 
40 mM CAPS (pH 10.8), 2.5 M NaQ. Fractions with a-MSH 
antagonist activity (lane 2) were concentrated (Centriprep 3), 
buffer-exchanged into 40 mM CAPS (pH 10.8), 20 mM NaQ, 
applied to a HfTrap Q anion-exchange column, then eluted with 
a 20 to 800 mM NaQ gradient in 40 mM GAPS (pH 10.8). (B) 
Major peaks of a-MSH antagonist activity in the fiow-through 
(fractioas 2 to 13, lane 3) and in fractions 20 to 26 (lane 4) were 
dialyzed into storage buffer (20 mM Pipes {pH 6.8), 60 mM 
NaQJ. NHj-tenminal sequencing of the two predominant bands 
in each peak revealed mature AGRP and two heterogeneous 
smaller forms as indicated. AGRP purity, estinnated by densi- 
tometry of a ^0-\iJQ sample toaded on a 10% Tridne gel stained 
with ProBlue, was used to calculate effective concentrations of 
40 arxi 11 jtM for form A+B (lane 4) and form C (lane 3), 
respectively. (C) Quantitative a-MSH dose-response analysis of 
different Agrp forms measured at equilibrium conditions 1 80 min 
after addition of AGRP and a-MSH. In the 96-welI melanophore 
assay (72). pigment dispersion is calculated as (A^go final - 
initiaI)/Agso final, where is the absort^ance at 650 nm. Data points represent mean ± SEM of triplicate samples. 





0-10-5-8-7-6 
log (oc-MSH (M)] 



0 -10 -« -7 
log [ACTH (M)] 



-10 -9-6-7-6 
log [cc-MSH (M)] 



a. 
S 
< 




0-10-5-8-7-6 
log (ot-MSH (M)l 



0-10-9-8-7-6 
log [ccMSH (M)] 



0-9^-7-6 
log (a-MSH (M)] 



Fig. 3. Effects of AGRP on human melarKXX>rtin receptors. 293 cells (hMCIR, hMC3R, hMC4R. or 
hMCSR) or 0S3 cells (hMC2R) stably transfected with the indicated recepta were preincubated with the 
indicated amounts of AGRP for 30 min; various anrKXjnts of a-MSH or ACTH were added for 30 min in 
the presence of 0.2 mM isobutytmethytxanthine. arxJ total cAMP accumulation was determined on 
dupficate wells (9). Data points represent the mean ± SEM of 2 to 3 independent experirrtents. As a 
control for proteins other ttnan AGRP, conditioned media from insect cells infected with an unrelated 
baculovtrus were loaded and eluted from a Blue Sepharose column with conditions identical to those 
used for AGRP. dialyzed into storage buffer (490 j^g/ml). then used at a dilution identical to that used to 
prepare 100 nM AGRP form A+B, NanorTK)lar concentrations of AGRP form A+B antagonize the 
hMC3R and hMC4R Ixjt do not meet criteria for competitive antagonism (75); tt>erefore. Kq values 
cannot t>e calculated. 



MSH can be measured in microtiter places 
as a change in optical density (12). Using 
the ability of conditioned media to inhibit 
a-MSH-induced pigment dispersion, we 
partially purified multiple forms of AGRP 
that cofractionate with a-MSH antagonist 
activity by Blue Sepharose and anion-ex- 
chnnge chromatography (Fig, 2). One 



peak of a-MSH antagonist activity con- 
tained mature AGRP with the signal se- 
quence removed (form A) and a mixture 
of three AGRP fragments cleaved after 
residues 46. 48. or 50 (form B), The sec- 
ond major peak contained AGRP frag- 
ments cleaved after residues 69 or 71 
(form C). 



Partially purified AGRP forms A+B and 
form C are potent, specific antagonists of 
a-MSH-induced pigment dispersion in Xe- 
mpus melanophores, with calculated antag- 
onist dissociation constant (fCg) values of 
7.0 and 1.2 nM, respectively (Fig. 20). 
AGRP did not inhibit pigment granule dis- 
persion in the absence of a-MSH and did 
not inhibit pigment granule dispersion in- 
duced by forskolin, a direct activator of 
adenylate cyclase (13). 

To examine the selectivity of AGRP for 
human melanocortin receptors, we added 
various concentrations of AGRP form 
A+B to cell lines that had been stably 
transfected with each of the five different 
receptor subtypes, then measured the ability 
of a-MSH or ACTH to induce adenosine 
3 ',5 '-monophosphate (cAMP) accumub- 
tion. At concentrations up to 100 nM, 
AGRP had no effect on hMClR or 
hMC2R, and only sUgJitly inhibited 
hMC5R (Fig. 3). By contrast. AGRP con- 
centrations of 1 nM or more caused a dose- 
dependent inhibition of a-MSH-induced 
cAMP accumulation mediated by hMC3R 
andhM04R. 

Because AGRP form C can antagonize 
a-MSH in melanophores (Fig. 2) or in 
Mc4r-transfected cells (13). the (XXDH- 
terminal cysteine -rich region is probably 
sufficient for biologic activity, as is the case 
for Agouti (14). Sequence comparison of 
AGRP and Agouti highlights a short region 
of similarity beginning with the third Cys 
residue, CCDPCAXCXCRFF, that may 
contain determir\ants required for melano- 
cortin antagonism (Fig. lA). Nonetheless, 
the exact biochemical mechanism by which 
these proteins act is not clear. Most evi- 
dence favors competitive antagonism. 
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Rg, 4. Effects of AGRP or human Agouti in transgenic mtee. A p-actin human AGRP cONA constrixit 
nearty identical to one descrilDed previously fcM- human Agouti (24) was injected into (C57BI76J x 
CBA/J) embryos. One of six Fq founders (7 7) was bred to C57Bt_/6J animals. At 1 1 weeks of age, F, 
transgenic animals (females: n = 4; males: n = 3) weighed significantly more than nontransgenic 
littemnates (females: n = 6, P = 0.00005; males: n = 6; P = 0.00002). The time of onset and level of 
weight gain caused by the AGRP transgene (A) were similar to those caused by the Agouti transgene (B), 
but the AGRP transgene had no effect on pigmentation (C), Data points represent the mean ± SEM. 



whereby a-M3H and Agouti (or AGRP) 
bind to mutually exclusive sites on melano- 
cortin receptors (14). The effects of AGRP 
on melanophores are consistent with com- 
petitive antagonism, because increasing 
amounts produced a proportionate and par- 
allel displacement of the a-MSH dose-re- 
sponse curve without affecting maximal sig- 
naling (Fig. 2C). For the hMC4R. however, 
AGRP concentrations of 10 and 100 t\M 
produced a decrease in basal levels of cAMP 
accumulation, as well as a decrease in the 
maximal level of a-MSH-induced cAMP 
accumulation (Fig. 3), neither of which is 
cotisistent with competitive antagonism 
(15). It has been proposed that some effects 
of Agouti are mediated by alterations in 
calcium flux (16), an intriguing finding giv- 
en the similarity in cysteine spacing be- 
tween Agouti, AGRP, and certain calcium 
channel antagonists (4). It Is possible that 
Agouti or AGRP does not bind directly to 
melanocortin receptors or binds to more 
than one cell surfece protein, uncertainties 
that may be resolved by studies of Agouti 
and AGRP binding. 

To determine whether or not Agouti 
and AGRP have comparable effects in vivo, 
we coristructed transgenic mice in which 
the human AGRP cDNA was controlled by 
the ubiquitously expressed p-actin promot- 
er. Weight gain of six independent trar\s- 
genic founders was significantly increased 
over nontransgenic littermates (17), and a 
transgenic line was established. Among Fj 
animals carrying the P-actin AGRP trans- 
gene, increased weight gain was detectable 



at 4 weeks of age, reached levels 100 or 70% 
above that of nontransgenic females or 
males, respectively, and was nearly indistin- 
guishable from that caused by a p-actin 
Agouti transgene (Fig. 4). Body length and 
food consumption were also increased by 
the AGRP transgene (17). By contrast, 
none of 15 animals carry ir\g the AGRP 
transgene exhibited a difference in coat col- 
or from their nontransgenic littermates 
(Fig- 4). Thus, although AGRP mimics the 
effect of Agouti on weight gain, body 
length, and food consumption, it has no 
effect on pigmentation. 

Given the eightfold increase of hypotha- 
lamic expression in ofc/ofc mice, we propose 
that Agrp normally regulates body weight 
via central melanocortin receptors, aiialo- 
gous to the relation between Agouti and 
the Mclr for regulation of pigmentation. 
Huszar et al. (18) have shown that Mc4r- 
deficient animals develop obesity and met- 
abolic derangements that mimic those in 
A'/— mice, which suggests that obesity 
caused by ubiquitously expressed Agrp or 
Agoud is mediated largely by Mc4r. Howev- 
er, AGRP may also be a physiologic ligand 
of Mc3r (Fig. 3), which has been implicated 
in Agouti-induced obesity (19) and whose 
CNS expression (20) more closely matches 
that of AgTp, In the brain, Agrp RNA is 
localized primarily to the arcuate nucleus 
and median eminence (11), but unlike Ag- 
outi, which has a very small sphere of action 
in vivo (3), AGRP may diffuse more widely, 
particularly if it is processed to a smaller 
CCXDH-terminal form in vivo. AGRP is 



also produced by the adrenal gland but does 
not affect hMCZR and therefore may act at 
a more distant site. 

What advantages do endogenous receptor 
antagonists such as Agouti or AGRP offer for 
homeostatic regulation? In the case of mela- 
nocortiris, which activate five receptors to 
varying extents, an antagonist limited in its 
tissue distribution or biochemical specificity, 
or both, allows individual regulation of recep- 
tor subtype signaling. Melanocortin receptors 
were identified on die basis of their response 
to die agonist a-MSH (6), but physiologic 
signalii\g via Mclr is regulated mainly by al- 
teratior\s in leveb of the antagonist, Agouti. 
Similarly, regulation of Mc3r or Mc4r signal- 
ing could be mediated primarily by changes in 
Agrp expression rather than proopiomelano- 
cortin, the precursor of a-MSH and ACTH. 
Agouti or AGRP, or both, may also transduce 
a signal via melanocortin receptors indepen- 
dent of melanocortin binding (21 ), consistent 
with the effects we observed on basal levels of 
cAMP accumulation. 

Leptin deficiency lies upstream of Agrp 
expression, directly or indirectly, but other 
signaling systems implicated in energy bal- 
ance (22) may also regulate Agrp expres- 
sion. Additional studies based on gene 
targeting may help to place Agrp in a 
genetic pathway for feeding behavior, 
which should be useful in understanding 
and developing treatments for disorders of 
body weight regulation. 
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NF-AT Activation Induced by a CAML-lnteracting 
Member of the Tumor Necrosis Factor 
Receptor Superfamily 

Gotz-Ulrich von Bulow and Richard J. Bram* 

Activation of the nuclear factor of activated T cells transcription factor (NF-AT) is a key 
event underlying lymphocyte action. The CAML (calcium-modulator and cyclophilin 
ligand) protein is a coinducer of NF-AT activation when overexpressed in Jurkat T cells. 
A member of the tumor necrosis factor receptor superfamily was isolated by virtue of its 
affinity for CAML Cross-linking of this lymphocyte-specific protein, designated TACI 
(transmembrane activator and CAML-interactor), on the surface of transfected Jurkat 
cells with TACI-specific antibodies led to activation of the transcription factors NF-AT, 
AP-1, and NFkB. TACI-induced activation of NF-AT was specifically blocked by a 
dominant-negative CAML mutant, thus implicating CAML as a signaling intermediate. 



with a poIyclonaL i 
revealed the pre;eu 
face of B cells, bir 
2C). Because 

members such at lI^^C 3 increased after 



CO TACI (10) 
^ :r 1 ACI on the sur- 
rssins T cells (Fig. 
iiscii of other TNFR 



We identified proteins that can interact 
with CAML in a two-hybrid screen (1 , 2). 
To determine if any of these CAML-bind- 
ing proteins affected signaling in T celb, we 
examined their ability to modulate activity 
of the Ca^"^ -dependent transcription factor 
NF-AT (3). Overexpression of the two- 
hybrid clones in Jurkat T cells revealed that 
expression of one clone (encoding the 
TACI protein) led to activation of NF-AT, 
suggesting that TACI may lie in the same 
sigiuiUng pathway as CAML. The deduced 
amino acid sequence of TACI (Fig. lA) (4) 
includes a single hydrophobic region (resi- 
dues 166 to 186) that has features of a 
membrane-spanning segment. Analysis of 
the protein sequence (5) predicted extra- 
cellular exposure for the NH^-terminus 
with a cytoplasmic COOH-terminus. Al- 
though TACI lacb an NHj-terminal signal 
sequence, the presence of an upstream stop 
codon indicates that the complete open 
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reading frame is contained within the clone 
(6). The predicted cell-surface location of 
TACI was confirmed in intact Cos-7 cells 
transfected with an expression plasm id en- 
coding TACI with an NH2-terminal FLAG 
epitope tag. Staining with monoclonal an- 
tibody to FLAG revealed TACI localized to 
the cell surface (Fig. 2A). TACI is therefore 
a type III transmembrane protein with an 
extracellular NHj-terminus in the absence 
of a cleaved signal sequence (7). Inspection 
of the TACI protein sequence also revealed 
two repeated regions (residues 33 to 66 and 
70 to 104) that are 50% identical. A 
PROSITE motif search (8) identified d\is 
repeated region as a cysteine-rich motif 
characteristic of the tumor necrosis factor 
receptor (TNFR) superfamily. Comparison 
of TACI with other members of TNFR 
superfamily (Fig. IB) demonstrates the sim- 
ilarity between these domains, with the best 
match to cysteine-rich domains of DR3 
(also known as Wsl-I. Apo-3, or TRAMP) 
(9). 

Northem blot analysis of TACI mRN A 
demonstrated a l,4-kb transcript expressed 
in spleen, small intestine, thymus, and pe- 
ripheral blood lymphocytes, sujjj^esting that 
a single TACI transcript is present in both 
T and B lymphocytes (Fig. 2B). Specific 
antibody staining of peripheral blood cells 



activation of T 'rrzj±cc^ (H) and be- 
cause TACI appfcsc X "re ^expressed in d\y- 
mocytes, we exanm^d . cells activated 
with ionomycin icc ;bcnx>l ester. Such 
treatment of T ct^Is -^nxed the synthesis 
of cell-surface TAlI :n 54% of CD2-posi- 
tive cells within -r zhmts (Fig. 2D). This 
subset was equaDy zsrJpjed betvi,-een CD4 
and CD8 cells. Simasdirc of tnterleukin-2 
(lL-2)-dependeni T re£< widi antibodies 
to CD3 and CD2: 115.: ziiuced expression 
of TACI. A revene naifcriptase-polymer- 
ase chain reacticd isssr revealed TACI 
message in resting z but not in T celb, 
unless they were scirraied (6). 

Neither TAQ rr.V^. aor protein could 
be detected in lozaisscred jurkat cells 
expressing the large T-antigen 

(TAg), either unsrroscd or treated with 
phorbol myristyl sctiie: x?\{A) and iono- 
mycin (6). To asst<=Jje drect of TACI on 
NF-AT activity ic . cdls, we oransiently 
expressed the prat^ in TAg Jurkat cells 
along with a secre:^ ilksline phosphatase 
reporter driven by -re NT-AT-binding se- 
quences from the H-l promoter (12, 13. 
14). TACI overeirrasicn could partially 
replace the requiitoeu: xr ?SL\ and iono- 
mycin in this assar i:r -rgTimal activation 
of the NF-AT rez*~t~-^ The addition of 
antibodies to TACI — cells increased 
NF-AT activation -jz X£ sevenfold (Fig. 
3 A), demonstratinz zzsz TACI responds to 
cross-lir\king at the/r*il 5urQce. This affin- 
ity-purified antibodr -• TACI had no effect 
on control transfectii re-lls. To further ver- 
ify the specificity 01 rje response, we trans- 
fected cells with an ^*'r:— certninal ET-AG- 
epi tope-tagged TACI esrression plasmid 
and incubated ther: trjh the M2-FLAG 
monoclonal antibocr 15*. This treatment 
gave a similar increase 31 NF-AT activity 
(Fig. 3A). The devn:= :f ST- AT activation 
varied among diHtrr^zz experiments be- 
cause of transfecticn cfriciency. but was 
typically 40 to IOC"- A the maximal re- 
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opace and periaxonal collar^ '^ In contrast, Po 
r later, are present in con^pacted myelin and are 
myelin compaction*^ *' ^. The Krox-lO mutation 
ppears to block Schwann cell differentiatjon after 
ivation and engulfing of the axon but before spiral- 
n and activation of Po and MBP. This phenotype is very 
ilar to the defect observed when differentiating Schwann cells 
arc exposed to antibodies directed against galactocerebroside"' 
(GalC), the major glycolipid of the myelin sheath. It differs, 
however, from the lesions associated with mutations affecting 
genes encoding major myelin proteins*'*^**". Our data therefore 
suggest that Krox-20 is involved directly or indirectly, in the 
activation of late myelin genes, although it is not clear whether 
the absence of late myelin proteins constitutes the cause or the 
consequence of the differentiation block. Finally, this block is 
likely to be responsible for the augmentation in the number of 
Schwann cells by increased proliferation and/or survival. □ 
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The genetic loci agouti and extension control the relative amounts 
of eumelanin (brown-black) and phaeomelanin' (yellow-red) pig- 
ments in mammals': extension encodes the receptor for melano- 
cyte-stimulating hormone (MSH)^ and agouti encodes a novel 
131-amino-acid protein containing a signal sequence^^. Agouti, 
which is produced in the hair follicle', acts on follicular 
melanocytes* to inhibit a-MSH-induced eumelanin production, 
resulting in the subterminal band of phaeomelanin often visible in 
mammalian fur. Here we use partially purified agouti protein to 
demonstrate that agouti is a high-aflinity antagonist of the MSH 
ifc v receptor and blocks a-MSH stimulation of adenylyl cyclase, the 
J^y.. effector through which a-MSH induces eumelanin synthesis, 
Agouti was also found to be an antagonist of the melanocortin-4 
' ' .receptor'-", a related MSH-binding receptor. Consequently, the 
; obesity caused by ectopic expression of agouti in the lethal yellow 
mouse may be due to the inhibition of melanocortin recep- 
;J^r(s) outside the hair follicle. 
gTwo models have been proposed for the mechanism by which 
go^ti protein mhibits stimulation of mclanogencsis by a-MSH : 
'"^^^.^^ ^ a negative regulator of the cyclic AMP signalling 
5?>^-^*^^ through a unique agouti receptor***, or (2) agouti 
antagonist of a-MSH'*. We produced rccom- 
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FIG. 1 Production and purification of recombinant agouti polypeptide. 
A 614-bp Xbal/Pstl fragment of the full-length mouse agouti cONA was 
subdoned into a Xbal/P5tl-digested baculoviojs expression vector 
pAcMP3 (PharMingen, San Diego). Virus was produced using standard 
methods". 1 ^g of each sample was electrophoresed on a 4-20% Tris- 
glycine gel (Novex, San Diego) and visualized by ProBlue (Integrated 
Separation Systems, MA) staining. The agouti pr6tein eluted with the 

0. 8 M-NaO wash. The 18.5K agouti species (an^ow) was not observed 
in media infected with wild-type virus, and was demonstrated, after 
elution from the gel. to contain agouti by N-terminal sequencing. Lanes: 

1, 48 h post-infection medium from pAcMP3-M.agouti-infected cells: 2. 
flow-through from Poros-20 HS column: 3-7, NaCI elutions from Poros- 
20 HS column. Arrow indicates authentic agouti protein. 
METHODS- r. nr cells were infected at an MOI of 2 with pAcMP3-M.agouti 
virus or conu-ol virus and media were collected 48 h post-infection. 
This medium was direcUy loaded onto a Poros-20 HS cation-exchange 
column (PerSeptive Biosystems. MA) and bound protein eluted with 
Naa concentrations from 0.2-1,0 M. The 0.8 M fraction was dtalysed 
into 50 mM Naa, 20 mM PIPES. pH 6.5. and then diluted for assay. 
Agouti concentrations were estimated from gel elecuophoresis and 
amtno-acid analysis of purified protein. Media controls consisted of 
unrelated baculovirus supematants collected 48 h post-infection and 
purified by NaCi elution of a Poros-20 HS column as for agouti. 



LETTERS TO NATURE 



binant agouli protein using the baculovirus expression system 
in order to test these hypotheses. The band indicated by the 
arrow in Fig. I was absent from Trichiplusiu cells not infected 
with the agouti/baculovirus vector, and its identity as the agouti 
gene product was verified by N-terminal sequencing (data not 
shown). Agouti pooled from the 0.8 M NaCI elution shown in 
this preparation was estimated to be 75% pure, resulting in an 
eflective agouti concentration of ~0.I4 mg ml"'. 

Agouti action was examined initially on the BI6FI0 murine 
n^ianoma cell line'-. Agouti (0.7 nM) shifted the half-maximal 
eflective concentration (EC50) for stimulation of adenylyl cyclase 
by fl-MSH m these cells from 1.7±0.24nM to 13.4±3 3nM 
(data not shown). To characterize agouti action further, we 
examined the effects of agouti on the MSH receptor (MSH-R) 
and other G-protein-coupled receptors stably transfectcd into 
the human embryonic kidney 293 celi" '^ '^ a-MSH had no effect 
on the cAMP pathway in untransfected 293 cells, demonstrating 
the absence of endogenous melanocortin receptors in this cell 
line (Fig. 2a). Furthermore, addition of agouti (0.7 nM) had no 
enect on the basal adenylyl cyclase levels. Agouti also had no 
ctlect on the ability of thyroid-stimulating hormone (TSH) to 
bind to Its receptor and stimulate adenylyl cyclase in TSH-R- 
transfccted 293 cells ( Fig. lb). As the TSH-R couples to the same 
O protein as do the melanocortin receptors, Gs, this experiment 
shows that agouti acts upstream of Gs in the cAMP signallins 
pathway. * 

In contrast, the same concentration of agouti protein pro- 
duced a significant shift in the adenylyl cyclase/functional 
coupling curve of the murine MSH-R expressed in 293 cells 
(Fig 3a). Control supcrnatants from baculovirus-infcctcd cells 
at the same total protein concentration had no effect Agouti 
protein (0.7 nM) increased the EC, for activation of adenylyl 
cyclase from 1.5 ± 1.1 x IQ- 10 2.2 ± 1.2 x 10"" M, but did not 
alter the maximally induced activity of the receptor. The appar- 
ent/:, value alculated from four independent experiments was 
j.z±_.oxio M. A dose-response curve demonstrated 
increasing inhibition of the murine MSH-R by agouti at concen- 
trations from below lO"' M up to 10'* M (Fig. lb). The human 
MSH receptor was also inhibited by agouti but only at much 
higher protein concentrations (Frg. 3c). It is conceivable that 



unlike Its murine counterpart, human agouti is 

antagonist of the human MSH-R.But a! the wi. a hi- 
pigmentation phcnotype is not commonly ob^^i^^ed •d-iv 
possible that agouti no longer antagonizes MSH R n 
the human hair follicle. e^nizes MbH-R , in 

The ability of agouti to shift the MSH R r„„^.- 
curve without affecting maximal r^eptor acSTo"'' 
that agouti was acting as a competitive SagoiSt To i 
.his further the ability of the protein to 2m^ ."^jr: 
melanocortin peptide for binding to the moui MSH 
examined. Adrenocorticotropic hormone (ACtS) 11;' 
tains the a-MSH peptide in its first 13 amino acids c' 
radiolabelled at Tyr 23 without loss of potency and Wnds 
same sue on the melanocortin recepto^^ as do^ a-MSF 
experiments were performed wi,| 
labelled ACTH. „ and the M-3 subclone of theS^dma 
ine melanoma cell line. This cell line was used becauToTth 

( 10.(K)0-50.000). in contrast to the MSH-R-transfected ->9 
which were estimated to express under l.OOO MSH rcccnir 
"r /n MSH-R with 

V I Zl previously 

u i^.f- '^'""8 single-site model, agouti p 
blocked 50-%. of specific ACTH binding to the MSH rS 
at a concentration of I.2i0.7 ng ml"' {/:, = IC^. (half-m;. 
inhibitory concentration) = 6.6 ± 3.8 X 10'"' M) (Fig 3c-) 
lar results were obtained when a synthetic radiolubclied a- 
analogue (Nlc„ o-Phc,-a-MSH) was used as the radiola 
l.gand (data not shown). As a control, baculovirus supcri 
from r. ,»- ceils infected with a baculovirus construct cont 
an unrelated gene insert was purified as described for a 
I his protein had no activity in this assay (Fig. 3t') or on a- 
stimulation of adenylyl cyclase in MSH-R-transfected -^9 
(data not shown). 

So far there are five members of the melanocortin r« 
family. MCl-R (MSH-R)'-*'". MC-R (ACTH 

been described for the latter three members of the famil- 
the MC3-R and MC4-R arc expressed primarily in the c 
nervous system m brain nuclei involved in neuroendocrin 
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^^iiv f ? """^ TSH-R-stimulated adenylyl cyclase 

fe^rnflh^ l""^"* """^'^^ ^^^^ °f agoJi on basal 

!v^r^. l^Z "^""l ""transfectcd 293 cells. a-MSH treatment also 
^c.ts no response, demonstrating the absence of endogenous melano- 

S r'^'" signalling pathway following activa- 

tion by boyme thyrotd -stimulating hormone (TSH) of adenylyl cyclase in 
293 cells transfeaed with human TSH-receptor r <»^c ' ^ 

METHODS. Agouti protein was prepared as Rg. i. Two independent 
preparations of agouti yielded similar results. 293 cells (5 x lo^, and 



> 

si 

o > 
-^3? 2- 



T3 
< 



1 - 



« bTSH 

o bTSH + 0.7nM agouti 




O.TOOO 1.000 10.00 

(bTSH] (ng mr') 



100.0 



varying concentrations of a-MSH (a) or bovine TSH (ti) in the pre 
or absence of 0.7 nM agouti for 40 min in cyclase assay incu 
medium (Du(becco*s modified Eagle's medium containing 0.1 m, 
bovine serum albumin and 0.1 mM isobutylmethylxanthine). M 
was aspirated and 2.5% perchloric acid containing 0.1 mM cAM 
used to stop the incubation, Adenylyl cyclase activity was calc 
by determining the per cent conversion of ^H -adenine to ^H-cA( 
described^^ Correlation of cAMP accumulation measured i 
assay with aaual adenylyl cyclase activity is made under the as 
tion that isobutymeihylxanthine effectively blocks cAMP degrat 
Oaia reorespni m*->-in<: 
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•utonomic control. Surprisingly, agouti was also found to be a 
-otcnt antagonist of a-MSH activation of the MC4-R 
fpig. 4t/), Once again, the protein appeared to act like a competi- 
^ve antagonist, not significantly interfering with maximal activa- 
tion of the receptor. The same concentration of agouti (0.7 nM) 
jid not antagonize activation of the MC3 or MC5 receptors, 
jfld the MC5-R was unaffected even at 100 nM agouti concen- 
trations (Fig. Ab, c). 
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Our results show that agouti is a high-affinity antagonist of the 
MSH-R, and of at least one of the other melanocortin receptors. 
Agouti appears to function as a competitive antagonist, inhibit- 
ing agonist binding to the MSH-R. This unique bifunctional 
regulation of the MSH-R by a-MSH and agouti allows for fine 
spatial and temporal regulation of eumelanin and phaeomelanin 
synthesis. These findings also provide a context for understand- 
ing the complex interactions of agouti and extension (MSH-R) 
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FIG. 3 Agouti is an antagonist of a-MSH at the murine MSH receptor, 
a. Agouti inhibits activation of the mMSH-R l>y a-MSH in stably trans 
fected 293 cells, as monitored by stimulation of adenylyl cyclase, 
to. Agouti inhibition of murine MSH-R activation is dose-responsive, 
mMSH-R expressing 293 cells were stimulated with 10 nM a-MSH in 
the presence of agouti (10""-7 x 10"' M), c. Agouti inhibits activation 
of human MSH-R at high protein concentrations. No inhibition of MSH- 
R activation by 0.7 nM agouti was observed. EC^o values were 
2.3±0.8xlO"^^M (no agouti). 8.8±2-lx 10"^** M (154 nM agouti), 
and 1.1 ±1.5 x 10~* M (770 nM agouU). d. Competition binding dem- 
onstrates murine MSH-R expression in the aoudmen M-S melanoma 
cell line. e. Competition binding demonstrates agouti protein blocks 
^^WabeUed ACTHi^ binding to mouse MSH-R. Baculovirus supernat- 
ants from SF9 cells infected with a virus containing an unrelated gene 
insert were purified in parallel with agouti protein and did not block 
^^Mabelled ACTHi^ binding to MSH-R up to 0.01 \ig mi \ Values are 
shown as protein concentratior\s to compare agouti with control protein. 
METHODS- a-c, Adenylyt cyclase activity was measured as for Ftg, 2. 
EC50 values were calculated using GraphPad InPlot version 4.0. e. 
Competition binding with radiolabelled ACTH has been described : 
1 X 10® cells were washed twice with binding medium and incubated 
in binding medium containing 9 x 10'^^ M ^"l-labelled ACTH^.ag 
(200.000 cp.m,; Amersham) and different concentrations of agouti, 
control protein or cold ACTH for 2 h at 22 X, Cells were then washed, 
lysed and counted as before" and data were analysed using the 
Kaleidagraph software package. Nonspecific binding, determined as the 
amount of radioactivity bound at 10"* M cold ACTH. was 10% of the 
total counts twund. 
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FIG, 4 Agouti is an antagonist of the human MC4-a a. Agouti antagon- 
izes a-MSH activation of human MC4-R. 6, Agouti protein does not 
affect a-MSH activation of rat MC3-R. c. Agouti protein does not affect 
a-MSH activation of mouse MC5-R. EC50 values for adenylyl cyclase 
activation by rat MC3-R or human MC4-R stimulated with a-MSH or 
^i^if-o ^•^"'^ ^eouti. respectively, were: rMC3-R. 
4.2±a8xi0 ^M: 4.1±0.9xlO-^M; hMC4-R. 4.9db2.4 x 10'^ w 

METHODS, The effect of agouti on a-MSH stimulation of adenylyl cyclase 
activity was examined in 293 cells transfected with the rMC3-R, hMC4- 
R or mMC5-R. Methods are described in Rg, 2 legend. Data represent 
means from triplicate data points and bars indicate standard deviation 
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responsible for many mammaHan coat colour variants, such as 
the yanable black and tan markings in the German shepherd, 
resuUmg from combinations of two extension (£"", £) and three 
agouti (A\ a", a') alleles^. 

Because agouti also antagonizes MC4-R function, ectopic 
overexpression of agouti may lead to obesity in the lethal yellow 
mouse {A^) through pathological antagonism of melanocortin 
rcccptor(s) expressed outside the hair follicle. Although no 
agouti pigmentation phenotype has ever been reported in 
humans, a |cne encoding a conserved human agouti protein has 
been found and so may have a physiological role. 
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The success of adenoviral vectors for gene therapy of lung disea.- 
in cystic fibrosis (CF) depends on efficient transfer of the compl. 
mentary DNA encoding the correct version of the cystic fibros 
trai^membrane regulator (CFTR) to the affected columnar ep 
thehal cells lining the airways of the lung. Preclinical studies t 
ctiro suggest that low doses of adenovirus vectors carrying th 
CFTR cDNA can correct defective CI" transport in culture 
human CF airway epithelia*. Here we use mice carrying the di: 
nipted CF gene^ to test the efficacy of this transfer system in via 
We find that even repeated high doses can only partially (50V 
correct the CF defect in O" transport in oioo and do not corre* 
the Na^ transport defect at all. We investigated this discrcpanc 
between the in oiv>o and in vitro transfer efficiency using CF mou: 
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ABSTRACT 



Molecular cloning experiments have led to the identification and characterization of a family of 
five receptors for the melanocortin (melanotropic and adrenocorticotropic) peptides. The first two 
members of the family cloned were the well-characterized melanocyte -stimulating homione receptor 
(MSH-R) and adrenocorticoiropin receptor (ACTH-R). The three new melanocortin receptors have 
been termed the MC3-R. MC4-R. and MC5-R. according to the order of their discovery, and little is 
known at this point concerning their function. 

Agouti and extension are two genetic, loci known to control the amounts of eumelanin (brown- 
black) and phaeomelanin (yellow-red) pigments. Chromosomal mapping demonstrated that the MSH- 
R, now termed MCl-R. mapped to extension. Extension was shown to encode the MCl-R. and 
mutations in the MCl-R are responsible for the different pigmentation phcnotypes caused by this 
locus. Functional variants of the MCl-R. originally characterized in the mouse, have now also been 
identified in the guinea pig and cow. Dominant constitutive mutants of the MCl-R arc responsible 
for causinc dark black coat colors while recessive alleles result in yellow or red coat colors. 

Agouti, a secreted 108 amino acid peptide produced within the hair follicle, acts on follicular 
melanocytes to inhibit a-MSH-induccd eumelanin production. Experiments demonstrate that agouti 
is a high-affinity antagonist, acting at the MCi-R to block a-MSH stimulation of adenylyl cyclase, 
the effector through which a-MSH induces eumelanin synthesis. The MCl-R is thus a unique bi- 
functionallv controlled receptor, activated by a-MSH and antagonized by agouti, both contributing 
to the variability seen in mammalian coat colors. The variable tan and black coat color paitents seen 
in the German Shepherd, for example, can now be understood on the molecular level as the interaction 
of a liumbcr of e.uension and agouti alleles encoding variably functioning receptors and a differen- 
tially expressed antagonist of the receptor, respectively. 

L Introduction 

Pigmentation is not ordinarily classified as an endocrinological phenomenon. 
Nevertheless there are many fascinating and striking examples of hormonal con- 
trol of hair and skin color, such as the seasonal control of pelage in the snowshoe 
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FIG. 2. Amino acid alignment of the mclanoconin receptors. Horizonial dashed lines indicate the predicted location of the transmembrane 
domains. Amino acid residues conserved in many of the G protein -coupled receptors arc indicated by heavy boxes, while residues identical m all of 
the known melanocortin rccepuirs arc indicated by the light boxes. Pretixes to each receptor indicate the species (H, human: M. mouse; R. rat: B. 
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DISCUSSION 

Fred Stormshak: Some wild fur-bearing species undergo a coat color change in response to 
changes in photoperiod; i.e.. from brown or black in spring or summer to white in fall and winter. Is 
this change in coat color from dark to white due to a block of the melanocoain receptor, reduaion 
in mclanocortin production, or some other mechanism? 

Roger Cone: The seasonal coat color change seen in animals like the snowshoe rabbit, Leptus 
americanus, is unlikely to involve the MCI receptor or agouti peptide. These molecules arc regulators 
of the relative levels of phaeomelanin (red-yellow) versus eumelanin (brown-black) pigments. Thus 
for example, animals lacking functional MSH receptor, such as the red guinea pig, still have plenty 
of melanin in hair and skin. Animals that turn white in the winter must have a complete absence of 
melanins. possibly as a result of a toul inhibition of tyrosinase. While I am unaware of the mechanism 
by which melanin synthesis is blocked, data in the rabbit points to gonadotropic hormone as the 
triggering factor. 

Thomas Means: What are the mechanisms by which some of these receptors become consti- 
tutively active in the genetic models? 

Roger Cone: We do not yet have a detailed-molecular model for constitutive activation of the 
MSH receptor in the mouse, cow, or fox. The data we have collected at this point, however, do not 
support the original model that we proposed in which E92 maintains the receptor in a constrained 
state via an electrostatic interaction (Robbins et at, 1992). First, the model would predict that sub- 
stitution of any residue for the glutamic acid, with the possible exception of aspartic acid, would 
constitutively activate the receptor. This is not the case, suggesting that the insertion of a basic residue 
at position 92 is required for constinitive activation. Secondly, we have been unable to find any basic 
residues in the receptor that, when altered also, constinitive I y activate the receptor. 

Larry Davis: Are there ever circulating levels of a-MSH in humans that are great enough to 
contribute melanocyte activity and pigmentation? 

Roger Cone; Unlike other manunals examined, circulating levels of a-MSH are not generally 
detectable in man. Interestingly, the human MCI receptor is one to two logs more sensitive to ACTH 
than is the mouse receptor, suggesting that ACTH is the melanotropic peptide in man. Of course, 
while pathophysiologically elevated levels of ACTH can produce hypeipigmentation in man, the role 
of normal pituitary-derived mclanotropins in basal pigmentation is unclear. Hair pigmentation remains 
unchanged in the absence of pituitary function, suggesting that either bftsal MCI receptor function 
or locally prxxluced melanocortin peptides are responsible for the normal production, by follicular 
melanocytes, of eumelanin in the hair. 

Larry Davis: Are there known variations in a-MSH levels? 

Roger Cone: Abdel-Malek has recently shown that human melanocytes in culture do proliferate 
in response to a-MSH, which raises the important question that you have asked. One could imagine 
that constitutively active MCI receptors might be involved in some stage of melanoma induction, 
just as activated TSH receptors are found in thyroid tumors. To my knowledge, a thorough exami- 
nation of melanoma samples for MCI receptor muutions has not been done. One observation, how- 
ever, that may be relevant to the question is that no enhanced incidence of melanoma has been reported 
for any of the darker-pigmcntcd animals, such as the Sombre mouse, that already express constitu- 
tively active MC I receptors. 
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Leptin levels reflect body lipid content in mice: evidence for di 
induced resistance to leptin action. 

Frederich RC, Hamann A, Anderson S, Lollmann B, Lowell BB, Flier 

Division of Endocrinology, Beth Israel Hospital (Research North), Boston, 
Massachusetts 02215, USA. 

The regulation of body weight and composition involves input from genes 
environment, demonstrated, for example, by the variable susceptibility of i 
strains of mice to obesity when offered a high- fat diet. The identification o 
gene responsible for obesity in the ob/ob mouse provides a new approach t 
defining Unks between diet and genetics in the regulation of body weight, 
gene protein product, leptin, is an adipocyte-derived circulating protein. 
Administration of recombinant leptin reduces food intake and increases en 
expenditure in ob/ob mice, suggesting that it signals to the brain the magni 
fat stores. Information on the regulation of this protein is limited. In severa 
models of obesity including db/db, fa/fa, yellow (Ay/a) VMH-lesioned, an 
induced by gold thioglucose, monosodium glutamate, and transgenic ablati 
brown adipose tissue, leptin mRNA expression and the level of circulating 
are increased, suggesting resistance to one or more of its actions. We have 
assessed the impact of increased dietary fat on circulating leptin levels in n 
FVB mice and FVB mice with transgene-induced ablation of brown adipos 
tissue. We find that high-fat diet evokes a sustained increase in circulating 
in both normal and transgenic mice, with leptin levels accurately reflecting* 
amount of body lipid across a broad range of body fat. However, despite in 
leptin levels, animals fed a high-fat diet became obese without decreasing t 
caloric intake, suggesting that a high content of dietary fat changes the 'set 
for body weight, at least in part by limiting the action of leptin. 

PMID: 7489415, UI: 96083634 
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Published erratum appears in Diabetes 1997 Nov;46(l 1):1920 



Low plasma leptin in response to dietary fat in diabetes- and 
obesity-prone mice, 

Surwit RS, Petro AE, Parekh P, Collins S 

Department of Psychiatry and Behavioral Sciences, Duke University Medi 
Center, Durham, North Carolina 27710, USA, surv^iOO l@mc.duke.edu 

Despite the fact that mutations resulting in the absence of leptin or its rece 
have been associated with severe obesity and diabetes, such mutations do n 
appear to be responsible for most human obesity. Indeed, diet-induced obe 
animals and humans has been characterized by hyperleptinemia. This has b 
interpreted as evidence for leptin resistance. However, no careful longitudi 
studies evaluating the role of leptin in the development of obesity exist. W 
a series of studies in A/J and C57BL/6J (B/6) mice that demonstrate a dire 
relationship between the ability to increase plasma leptin levels in response 
high-fat diet and resistance to the subsequent development of obesity and 
diabetes. While leptin levels are similar in lean, low-fat-fed A/J and B/6 mi 
effects of a high-fat diet on plasma leptin differ dramatically between the t 
strains. After 4 weeks of high- fat feeding, leptin levels in A/J mice increas 
fold, and this elevated level was maintained independent of weight gain 
throughout a 14-week feeding period. However, in B/6 mice, leptin levels 
remained at least twofold lower and only rose very gradually along with a 
significant increase in adiposity, hyperglycemia, and hyperinsulinemia. Th 
differences in the response of leptin to diet are independent of food intake 
plasma insulin levels during the 1st month of feeding. Further, we demonst 
that leptin administration did not influence the expression of the novel unc 
protein UCP2, which also responds to dietary fat. From these results, we su 
that the response of leptin to fat feeding may be an important predictor of t 
development of subsequent obesity. 

PMID: 9287057, UI: 97431552 
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Effects of fructose and glucose on plasma leptin, insulin, and i 
resistance in lean and VMH-lesioned obese rats. 

Suga A, Hirano T, Kageyama H, Osaka T, Namba Y, Tsuji M, Miura 
Adachi M, Inoue S 

First Department of Internal Medicine, Showa University School of Medic 
Shinagav^a-ku, Tokyo 142-8666, Japan. 

To determine the influence of dietary fructose and glucose on circulating le 
levels in lean and obese rats, plasma leptin concentrations were measured i 
ventromedial hypothalamic (VMH)-lesioned obese and sham-operated lean 
fed either normal chow or fructose- or glucose-enriched diets (60% by calo 
for 2 wk. Insulin resistance was evaluated by the steady-state plasma gluco 
method and intravenous glucose tolerance test. In lean rats, glucose-enrich 
significantly increased plasma leptin with enlarged parametrial fat pad, wh 
neither leptin nor fat-pad weight was altered by fructose. Two weeks after t 
lesions, the rats fed normal chow had marked greater body weight gain, enl 
fat pads, and higher insulin and leptin compared with sham-operated rats, 
a marked adiposity and hyperinsulinemia, insulin resistance was not increa 
VMH-lesioned rats. Fructose brought about substantial insulin resistance a 
hyperinsulinemia in both lean and obese rats, whereas glucose led to rather 
enhanced insulin sensitivity. Leptin, body weight, and fat pad were not 
significantly altered by either fructose or glucose in the obese rats. These r 
suggest that dietary glucose stimulates leptin production by increasing adip 
tissue or stimulating glucose metabolism in lean rats. Hyperleptinemia in 
lesioned rats is associated with both increased adiposity and hyperinsuline 
not with insulin resistance. Dietary fhictose does not alter leptin levels, alt 
this sugar brings about hyperinsulinemia and insulin resistance, suggesting 
hyperinsulinemia compensated for insulin resistance does not stimulate lep 
production. 

PMID: 10751202, UI: 20215239 
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C 1 : Biochem Biophys Res Commun 2000 Oct 14;277 
(l):20-6 

Leptin resistance of adipocytes in obesity: role of suppressors 
cytokine signaling* 

Wang Z, Zhou YT, Kakuma T, Lee Y, Kaira SP, Kaira PS, Pan W, Un 
RH 

Gifford Laboratories, Touchstone Center for Diabetes Research, Departme 
Internal Medicine, University of Texas Southwestern Medical Center, 532 
Hines Boulevard, Dallas, Texas, 75390, USA. 

[Medline record in process] 

Liver-derived hyperleptinemia induced in normal rats by adenovirus-induc 
transfer causes rapid disappearance of body fat, whereas the endogenous 
adipocyte-derived hyperleptinemia of obesity does not. Here we induce liv 
derived hyperleptinemia in rats with adipocyte-derived hyperleptinemia of 
acquired obesity caused by ventromedial hypothalamus lesioning (VMH ra 
by feeding 60% fat (DIO rats). Liver-derived hyperleptinemia in obese rats 
only a 5-7% loss of body weight, compared to a 13% loss in normoleptine 
lean animals; but in actual grams of weight lost there was no significant dif 
between obese and lean groups, suggesting that a subset of cells remain lep 
sensitive in obesity. mRNA and protein of a putative leptin-resistance facto 
suppressor of cytokine signaling (SOCS)-l or -3, were both increased in w 
adipose tissues (WAT) of VMH and DIO rats. Since transgenic overexpres 
SOCS-3 in islets reduced the lipopenic effect of leptin by 75%, we conclud 
the increased expression of SOCS-I and -3 in WAT of rats with acquired o 
could have blocked leptin's lipopenic action in the leptin-resistant WAT 
population. Copyright 2000 Academic Press. 

PMID: 11027633, UI: 20483672 
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Comparing the hypothalamic and extrahypothalamic actions 
endogenous hyperleptinemia, 

Wang ZW, Zhou YT, Kakuma T, Lee Y, Higa M, Kalra SP, Dube MG 
PS, Unger RH 

Gifford Laboratories, Center for Diabetes Research, Department of Intema 
Medicine, University of Texas Southwestern Medical Center, Dallas, TX 7 
USA. 

To determine whether the depletion of body fat caused by adenovirus-indu 
hyperleptinemia is mediated via the hypothalamus, we used as a "bioassay 
hypothalamic leptin activity the hypothalamic expression of a leptin-regula 
peptide, cocaine- and amphetamine-regulated transcript (CART). The valid 
of this strategy was supported by the demonstration that CART mRNA wa 
profoundly reduced in obese rats with impaired leptin action, whether beca 
ablation of the ventromedial hypothalamus (VMH) or a loss-of- function m 
in the leptin receptor, as in Zucker diabetic fatty rats. We compared leptin 
in normal rats made hyperleptinemic by adenovirus-leptin treatment (43 +/ 
ng/ml, cerebrospinal fluid leptin 100 pg/ml) with normal rats made 
hyperleptinemic by a 60% fat intake (19 +/- 4 ng/ml, cerebrospinal fluid le 
+/- 22 pg/ml). CART was increased 5-fold in the former and 2-fold in the 1 
yet in adenovirus-induced hyperleptinemia, body fat had disappeared, wher 
high-fat-fed rats, body fat was abundant. Treatment of the high-fat-fed rats 
adenovirus-leptin further increased their hyperleptinemia to 56 +/- 6 ng/ml 
without changing CART mRNA or food intake, indicating that leptin actio 
hypothalamus had not been increased. Nevertheless, their body fat decline 
suggesting that an extrahypothalamic mechanism was responsible. We con 
that in diet-induced obesity body-fat depletion by leptin requires supraphys 
plasma concentrations that exceed the leptin-transport capacity across the b 
brain barrier. 

PMID: 10468615, UI: 99398715 
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